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In t roduc t ion  

The su r face  teioperature of pyro lyz ing  and/or  burning coa l  p a r t i c l e s  has  been 
the  sub jec t  of in t ens ive  i n v e s t i g a t i o n  (1-6) because i t  i s  important i n  the 
e s t ima t ion  of the  r a t e  of d e v o l a t i l i z a t i o n  and/or carbon oxida t ion .  A number of 
models have been e s t ab l i shed  i n  o rde r  t o  p red ic t  the  su r face  temperature of 
pu lver ized  c o a l  p a r t i c l e s  smaller than  200 pa diameter.  However, few convinc ing  
models f o r  mi l l ime te r  s i z e  coa l  p a r t i c l e s  have emerged because of t he  compl ica t ion  
of temperature g rad ien t s  w i th in  the  p a r t i c l e .  

The i g n i t i o n  mechanism of coa l  p a r t i c l e s  in a hot  ox id i z ing  atmosphere is 
another  s u b j e c t  of deba te  ( 5 - 8 ) .  Fur the r  exper imenta l  work i s  needed t o  de te rmine  
whether i n i t i a l  i g n i t i o n  occurs  homogeneously in t h e  gas  phase o r  he te rogeneous ly  
a t  t he  p a r t i c l e  sur face .  

The work presented here  had th ree  ob jec t ives :  f i r s t l y ,  t o  develop a 
technique t o  monitor t he  t r a n s i e n t  temperature v a r i a t i o n s  i n  the  gas phase around 
a s i n g l e  p a r t i c l e  dur ing  py ro lys i s  and lo r  combustion; secondly,  t o  e x t r a p o l a t e  t he  
da t a  t o  estimate the p a r t i c l e  su r face  temperature;  and t h i r d l y ,  t o  ana lyze  the  
i g n i t i o n  mechanism of c o a l  and char  p a r t i c l e s .  

Experimental  Equipment 

A schemat ic  diagram of the  equipment is shown i n  Figure 1. For p y r o l y s i s  
s t u d i e s ,  a f low of p repur i f i ed  n i t rogen  was passed over copper a t  673 K t o  remove 
oxygen, then  through a d r i e r i t e  column t o  remove water. 
combustion. The r e a c t o r ,  a ho r i zon ta l  vycor tube of 8 mm i n t e r n a l  d iameter ,  is 
heated by two enc los ing  furnaces.  
gas while t h e  second main ta ins  the  r eac to r  a t  the  des i r ed  temperature.  

Dry a i r  waa used t o  s tudy  

The f i r s t  furnace  a c t s  t o  preheat t he  in-coming 

D e t a i l s  of the  sample i n j e c t i o n  and temperature measurement systems a r e  g iven  
in Figure  2. A s i n g l e  c o a l  p a r t i c l e  was in t roduced  by g r a v i t y  through an  
e l ec t romagne t i ca l ly  con t ro l l ed  i n j e c t o r .  A n  e l e c t r o t r i g g e r  was used t o  ene rg ize  a 
24 v o l t  (DC) so lenoid  which i n j e c t s  the  p a r t i c l e  i n t o  the  reac tor .  

A new approach was used t o  measure the  t r a n s i e n t  temperature v a r i a t i o n s  
around the  c o a l  p a r t i c l e .  A group of ex t ra - f ine  Chromel-Alumel thermocouples wi th  
0.05 mm d iameter  was employed t o  provide p rec i se  temperature measurement wi th  
rap id  response.  The thermocouples were pro tec ted  by two-hole ceramic tubes. Four 
thermocouples were bound toge the r  us ing  h igh  temperature cement t o  form a 
thermocouple a r r a y  (F igure  2) .  
temperature g r a d i e n t ,  t he  d i s t ance  between ad jacen t  thermocouples i n  the  a r r a y  was 
always the  same. In t h i s  s tudy ,  0.5 and 1.0 mm spac ings  were used. The vo l t age  
s i g n a l s  genera ted  by the  thermocouple a r r a y  were ampl i f ied  then conver ted  i n t o  
d i g i t a l  s i g n a l s  in the  da t a  a c q u i s i t i o n  system before  being aent  t o  the 
microcomputer. When the  p a r t i c l e  i n j e c t o r  was t r i gge red .  t he  computer was 

I n  o rde r  t o  s impl i fy  the  c a l c u l a t i o n  of the 
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au tomat i ca l ly  i n i t i a l i z e d  t o  record the  output  of t h e  thermocouples a t  2 
mil l i second i n t e r v a l s  and the  d a t a  s t o r e d  on d i s k  f o r  l a t e r  ana lys i s .  

Procedure 

The c h a r a c t e r i s t i c s  of the  Texas subbituminous c o a l  used a r e  shown in Table  
1. For  each  run a 1 mm d iameter  coa l  p a r t i c l e  was in j ec t ed  i n t o  the  r eac to r  
con ta in ing  e i t h e r  preheated n i t rogen  o r  a i r .  
cons tan t  a t  873 K f o r  a l l  t he  experiments repor ted  here.  Before p a r t i c l e  
i n j e c t i o n ,  t h e  g a s  f low w a s  stopped so t h a t  t he  experiments were c a r r i e d  Out 
e s s e n t i a l l y  in a s t a t i c  system. 
p a r t i c l e s  i n t o  t h e  r e a c t o r  swept by n i t rogen  a t  873 K f o r  30 minutes. 

The bulk gas  temperature was he ld  

C h a r  p a r t i c l e s  were prepared by i n j e c t i n g  coa l  

Resu l t s  and Discuss ion  

The tempera tures  measured by the  thermocouple a r r a y  a s  a func t ion  of time, 
and t h e  e x t r a p o l a t e d  su r face  temperatures of t he  s i n g l e  coa l  and char  p a r t i c l e s ,  
a r e  presented  in Figures  3, 4 and 5 f o r  coa l  p y r o l y s i s ,  coa l  combustion and cha r  
combustion. r e spec t ive ly .  A py ro lys i s  run i l l u s t r a t e d  by Figure  3 shows the 
tempera ture  v a r i a t i o n s  caused by the  t r a n s i e n t  hea t  t r a n s f e r  between t h e  hot gas  
environment and t h e  c o l d e r  coa l  p a r t i c l e .  The temperature p r o f i l e s  i l l u s t r a t e  t h e  
p r a c t i c a l  thermal  boundary l a y e r  in t h e  v i c i n i t y  of a pyrolyzing c o a l  p a r t i c l e .  A 
rap id  d rop  fo l lowed by a r ap id  i n c r e a s e  i n  temperature occurred i n  the  s p h e r i c a l  
l aye r  1 mm away from the  p a r t i c l e  su r face  whi le  a lmost  no temperature v a r i a t i o n  
was de t ec t ed  4 mm away from the  p a r t i c l e  sur face .  

Data f o r  t he  combustion of coa l  and char  p a r t i c l e s  a r e  shown in Figures  4 and 
5, r e spec t ive ly .  A s i g n i f i c a n t  a spec t  of coa l  combustion i n  F igure  4 is the  
sudden tempera ture  r i s e  in t he  gas  phase about 1.5 mm from the  su r face  of t he  c o a l  
p a r t i c l e ,  compared wi th  the  much smoother curve f o r  char  combustion shown i n  
F igu re  5 .  Poin t  A in Figure  4 is  s i g n i f i c a n t  because i t  r ep resen t s  a t r a n s i t i o n  
from n e t  hea t  l o s s  to n e t  hea t  ga in  by the  gas. 
p a r t i c l e  exper ienced  a r ap id  temperature drop p r i o r  t o  poin t  A and a r ap id  
inc rease  a f t e r  t h i s  p o i n t ,  in c o n t r a s t  wi th  the  r e l a t i v e l y  smooth inc rease  i n  t h e  
p a r t i c l e  s u r f a c e  temperature.  This  imp l i e s  t h a t  homogeneous i g n i t i o n  occurred in 
gas  phase r a t h e r  than heterogeneous i g n i t i o n  a t  t he  p a r t i c l e  sur face .  For the 
exper imenta l  cond i t ions  used, t h e  homogeneous i g n i t i o n  temperature was around 830 
K w i t h  approximate ly  800 m s  i nduc t ion  time, a s  represented  by poin t  A i n  F igure  4. 
This  i s  i n  g e n e r a l  agreement with the  ca l cu la t ed  r e s u l t s  of Annamalai and 
Durbetaki ( 5 ) .  The temper ture  i n  t h e  homogeneous combustion l a y e r  increased  
r a p i d l y  as t h e  v o l a t i l e  mat te r  was combusted u n t i l  t he re  was not  s u f f i c i e n t  
v o l a t i l e  matter evolv ing  from t h e  p a r t i c l e  t o  s u s t a i n  homogeneous combustion 
(po in t  B i n  F igu re  4 ) .  
then exper ienced  slower ox ida t ion  wi th  a lower hea t  r e l ease  r a t e .  Consequently,  
t he re  was a d rop  in t h e  temperature t n  t he  sur rounding  gas layer .  Because of t h e  
need t o  exceed both  the  i g n i t i o n  temperature and v o l a t i l e  mat te r  concent ra t ion .  
homogeneous combustion was observed only i n  t h e  t h i n  sphe r i ca l  l a y e r  about 1.5 nm 
from t h e  p a r t i c l e  sur face .  No r ap id  gas  tempera ture  r i s e  was de t ec t ed  by the 
thermocouples c l o s e r  t o ,  o r  f a r t h e r  from, the  p a r t i c l e  sur face .  

The gaseous l a y e r  surrounding the  

The remaining and subsequently-evolved v o l a t i l e  mat te r  

P a r t i c l e  s u r f a c e  temperature and hea t ing  r a t e  ve r sus  time a r e  g iven  in 
Figures  6 and 7, r e spec t ive ly .  The hea t ing  r a t e  is of i n t e r e s t  because i t  is 
r e l a t e d  t o  t h e  r a t e  of  d e v o l a t i l i z a t i o n  and char  combustion. The s i g n i f i c a n c e  of 
d e v o l a t i l i z a t i o n  on combustion i s  seen  c l e a r l y  in Figures  6 and 7 which i n d i c a t e  
t h a t  d u r i n g  p y r o l y s i s  t he  coa l  p a r t i c l e  hea t ing  r a t e  was slow and t h e  p a r t i c l e  
temperature neve r  exceeded the  r e a c t o r  temperature.  In the  case  of d e v o l a t i l i z e d  
Char p a r t i c l e s  a h igher  hea t ing  r a t e  was observed up t o  the equi l ibr ium burning 
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temperature of 1075 K. about  200 K h igher  than  the  r e a c t o r  temperature.  F igure  7 
'shows t h a t  c o a l  p a r t i c l e s  had the  same hea t ing  r a t e  i n i t i a l l y  dur ing  py ro lys i s  and 
combustion u n t i l  divergence a t  po in t  C. This  po in t  corresponds t o  t h a t  of 
homogeneous i g n i t i o n  in Figure  4. After po in t  C t he  hea t ing  r a t e  w a s  h ighe r  f o r  
combustion than  py ro lys i s  because t h e  hea t  from t h e  homogeneous combustion 
r e a c t i o n s  was t r a n s f e r r e d  t o  the  p a r t i c l e  sur face .  

Two major d i f f e r e n c e s  e x i s t e d  between t h e  cha r  and c o a l  dur ing  combustion. 
F i r s t l y .  no temperature rise in the  gas  was de tec t ed  a t  any d i s t ance  from the  char 
su r face  (F igure  5 ) .  Secondly, t he  su r face  temperature of t he  char  p a r t i c l e  
increased  a t  a h igher  rate than  that of the  coal p a r t i c l e  (F igure  6). T h i s  
suppor ts  t h e  concept of heterogeneous i g n i t i o n  of the  char p a r t i c l e s .  

Conclusions 

A f a s t  response thermocouple a r r a y  was employed t o  provide informat ion  on t he  
t r a n s i e n t  hea t ing  processes  a s soc ia t ed  wi th  py ro lys i s  and combustion of 1 mm 
d iameter  coa l  and cha r  p a r t i c l e s  a t  a furnace  temperature of 873 K. The measured 
temperature v a r i a t i o n s  implied t h a t  i g n i t i o n  occurred a t  the  su r face  of t he  cha r  
p a r t i c l e s  bu t  in the  gas  phase surrounding pyro lyz ing  coa l  p a r t i c l e s .  Homogeneous 
i g n i t i o n  Occurred a t  830 K caus ing  a temperature r ise i n  the  gas in a narrow 
s p h e r i c a l  l aye r ' abou t  1.5 mm from t h e  su r face  of t h e  c o a l  p a r t i c l e .  
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Table 1 
Characteristics of Texas Subbituminous B Coal, 

PS 0 c -423 
Proximate Analvsis M~J) A s  Received DrvBasis , 

Moisture 24.11 
Ash 10.31 13.59 
Volatile Matter 38.31 54.48 
Fixed Carbon 27.27 35.93 

Ultimate Analvsis (wto/o) 

C 
H 
N 
s (total) 
0 (diff.) 

Calorific Value Btdlb 
(mm-Free Basis) 

47.58 
4.01 
0.71 
1.34 

11.95 

9836 

62.69 
5.29 
0.93 
1.76 

15.74 
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FIG. 1 SCHEMATIC DIAGRAM OF THE EQUIPMENT 
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INTRA-PARTICLE HEAT TRANSFER EJ?FEEE IN MlAL PYROLYSIS 

Mohamued R. Hajaligol, William A.  Peters, and Jack B. Howard 
Energy Laboratory and Deprtment of Chemical Engineering, 

M.I.T., Cambridge, MA 02139 

May, 198'7 

Abstract 

Time and spatial temperature gradients within pyrolyzing coal particles can 
exert strong effects on devolatilization behavior including apparent pyrolysis 
kinetics. 
malities within an isolated, spherical coal particle pyrolyzing by a single 
first-order reaction. The analysis provides three distinct indices of heat 
transfer effects by quantitatively predicting the extent of agreement between: 
(a) centerline and surface temperature; (b) volume averaged pyrolysis rate [or 
(c) volume averaged pyrolysis weight loss] and the corresponding quantity 
calculated using the particle surface temperature for the entire particle 
volume. Regimes of particle size, surface heating rate, and reaction time 
where particle "isothemlity" according to each of criteria (a) through (c) 
is met to within prescribed extents, are computed for conditions of interest 
in entrained gasification and pulverized coal combustion, including pyrolysis 
under non-thermally neutral conditions. 

Introduction. 
particle sizes and surface heating rates producing temporal and spatial 
temperature gradients within the coal particles during pyrolysis. 
gradients may strongly influence volatiles yields, compositions, and release 
rates, and can confound attempts to model coal pyrolysis kinetics with purely 
chemical rate expressions. Mathematical modelling of particle non-isother- 
malities is needed to predict reaction conditions (viz. particle dimension, 
surface heating rate, final temperature, and reaction time) for which intra- 
particle heat transfer limitations do not significantly influence pyrolysis 
kinetics, and to predict pyrolysis behavior when they do. When pyrolysis is 
not th-1-neutral, the analysis is non-trivial since local temperature 
fields are coupled non-linearly to corresponding local heat release (or 
absorption) rates and hence to local pyrolysis kinetics. 

This paper mathematically models transient spatial non-isother- 

Many coal combustion and gasification processes involve 

These 

Much of the pertinent literature has addressed pseudo steady-state models 
for spatial temperature gradients within catalyst particles playing host to 
endo- or exothermic reactions, including, for some cases, mathematical 
treatment of the attendant limitations on intra-particle mass transfer of 
reactants or products [See Ref. (1 )  and references cited therein]. There 
appear to have been f e w  analyses of non;isothermalities within a condensed 
phase material simultaneously undergoing non-thermally neutral chemical 
reaction(s). 
coal weight loss kinetics [see reviews by H o d  ( 2 )  and Gavalas (311, and 
more refined analyses of spatial non-isothermalities within exploding solids 
( 4 , 5 ) .  Gavalas (2) calculated regimes of coal particle size where pyrolysis 
kinetics should be free of heat transfer effects, and Shons ( 6 )  provided 
similar information for cellulose pyrolysis. Valuable contributions are also 

Previous work includes rather empirical approaches to fitting 
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emanating from the laboratories of Essenhigh ( 7 ) ,  and Freihaut and Seem ( 8 ) .  

There is need for a generic, quantitative formalism to reliably predict 
transient intra-particle non-isothermalities and their effects on pyrolysis, 
as a function of operating conditions of interest in modern fuels utilization 
technologies. 
spherical coal particle pyrolyzing by a single first-order reaction, quantita- 
tive predictions of three distinct indices of particle non-isothemality - 
namely the extent of agreement between: (1) temperatures at the particle 
surface and centerline; (2)  the pyrolysis rate [or ( 3 )  the pyrolysis weight 
loss] averaged over the particle volume and the corresponding quantity 
calculated using the particle surface temperature for the entire particle 
volume. 
temporal as well as the spatial non-idealities in pwticle "isothermality". 

To this end the present paper presents, for an isolated 

Each index is explicitly dependent on time and thus accounts for the 

Method of Analysis. Spatial limitations allow only a brief summary of the 
theoretical approach, which is described in more detail with broader applica- 
tions, by Hajaligol et al. (9 ) .  For an isolated spherical coal particle with 
temperature invarient them1 physical properties, pyrolyzihg by a single 
first-order endo or exo-thermic reaction with an Arrhenius temperature 
dependency, heated at its surface, and transmitting heat internally only by 
conduction, (or by processes well-described by an apparent isotropic thermal 
conductivity) a standard heat balance gives the following partial differential 
equation for the time and spatial dependence of the intra-particle temperature 
field 

(1) 

Following Boddington et al. (1982) and others, this may be rewritten in 
dimensionless form as 

Symbols are defined in the nomenclature section at the end of the paper. 
Solution of Equation (1) or (2 )  requires specification of one initial condi- 
tion and two spatial boundary conditions. 
the temperature field throughout the coal particle at the instant heating 
begins 

The initial condition prescribes 

\ One boundary condition is the mathematical expression for centerline symmetry 
of the particle temperature field at all pyrolysis times 
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Four cases are of interest for the second boundary condition in the present 
analysis: 

(1) A finite rate of heat transmission to the particle surface describable in 
terms of an apparent heat transfer coefficient 

This caSe would be applicable to heating of coal particles in a fluidized bed 
or by molecular conduction from a high temperature gas. 
accomnodates cases where the overall rate of heat transfer to the particle is 
influenced by extra-particle resistance [i.e. cases of non-infinite Biot 
number]. 

( 2 )  A prescribed constant rate of increase in the particle surface tempera- 
ture : 

It also automatically 

( 9 )  

or 

This case is applicable to screen heater reactors or other apparatus where 
surface heating rates are maintained essentially constant. 

( 3 )  A known, constant surface heat flux density: 

This case is especially applicable to fires and furnaces under conditions 
where the particle surface temperature remains well below the temperature of 
the surroundings, and sample heating is dominated by radiation. 

( 4 )  A special limiting case of (1) through ( 3 )  above is an infinitely rapid 
surface heating rate: 

10 
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i 
i 
ii 
.J 

or 

This case would approximate the heat transfer characteristics of 
providing very rapid surface heating of the coal particles, for  example shock 
tubes, laser and flash lamp reactors, and coal dust explosions, where surface 
heating rates are estimated to exceed lo5 - 107 C/s. 

systems 

Equations (1) and (2) were solved numerically for each of the above four 
cases of boundary condition, using a procedure based on the method of lines 
and on Gear's methcd. 
Case ( 2 )  above, will be presented here. 
by Hajaligol et al. (9). 

Only our results for constant surface heating rate, 
Results for other cases are presented 

The solutions to these two equations are predictions of the smtial 
variation of the intra-particle temperature field with pyrolysis time. 
information wa9 used to compute three distinct indices of particle non- 
isothermality: 

( 1) The extent of agreement between the surface and centerline temperature of 
the particle: 

This 

or 

( 1 5 )  

(2) A time dependent effectiveness factor for pyrolysis rate, defined as the 
ratio of: the local pyrolysis rate averaged over the particle volume, to the 
pyrolysis rate calculated using the particle surface temperature for the 
entire particle volume: 

or 

(17) 

(18) 

( 3 )  A th-dependent effectiveness factor for overall pyrolytic conversion 
(i.e. weight loss or total volatiles yield) defined as the ratio of: the 
v o l a  averaged weight loss, to the weight loss calculated using the particle 
surface temperature for the entire particle volume: 
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J or 

Results and Discussion. The above analysis was used with boundary condition 
( 2 )  [constant surface heating ratel to predict effects of various pyrolysis 
parameters on m(t), b(t), and R(t) as a function of pyrolysis time. Unless 
otherwise stated the following values of thermal physical and chemical 
properties of the coal were employed: p = 1.3 g/cm3, X 0.0006 cal/cm-s-C, Cp 
= 0.4 cal/g-C, aY = 0 cal/g, ko = 10'3 s-1, and E = 50 kcal/g-mole. Effects 
of non-zero heats of pyrolysis are discussed later in the paper. 

Figures 1 - 3 respectively show the effects of particle size on rtr(t), 
.lb (t), and *(t), for a surface heating rate and final temperature of 104 C / s  
and 1000 C. For particle sizes > 50 pm, the time to relax internal tempera- 
ture gradients [i.e. for m(t) to decline from its maximum value to about 
zero] increases with roughly the square of particle diameter as expected. 
Initially the spatial non-idealities in temperature (Fig. 1) increased with 
increasing pyrolysis time, because the time for the surface to reach the final 
temperature [T.,r/mI is much less than the particle them1 response time, and 
the intra-particle temperature field is unable to keep pace with the rapidly 
rising surface temperature. 
temperature transient increases with particle diameter, because the particle 
thermal response time increases with particle size. 

The magnitude and duration of this initial 

The rate index of non-isothermality, ~ ( t )  (Figure 2 )  tracks the non- 
idealities in particle temperature. 
neutral reactions ~b (t) indicates spatially non-isothermal kinetic behavior 
[i.e. b(t) < 11 over a broader range of pyrolysis times than does e(t) [i.e. 
for which w(t) > 0, Fig. 11. The rate index expresses the influence of the 
temperature non-idealities on the predicted volume averaged pyrolysis rates 
via an exponential function. 
duration of the temperature non-idealities is not surprising. Furthermore, 
when volatiles release rates are of interest, @(t) is clearly a more reliable 
index of particle non-isothermality than is r)r(t). 

For a given particle size and thermally 

Thus an amplification of the magnitude and 

The conversion index of non-isothermality, *(t) (Fig. 31, reflects the 
non-idealities in rate, and the exponential increase in conversion with total 
pyrolysis time. The latter effect attenuates the former at short and long 
pyrolysis times by respectively, denying and supplying the reaction adequate 
time to attain completion at the imposed heating rate. Thus for each particle 
size there is an intermediate range of reactions times throughout which the 
strong non-idealities in pyrolysis rate (Fig. 2) contribute major non-idealit- 
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ies in conversion (Fig, 3 ) .  The exponential dependencies of conversion on 
rate and reaction time, also cause the magnitude of rt (t) to change rapidly 
with pyrolysis time, resulting in the sharp variations in this index depicted 
in Fig. 3. Clearly, in light of the differences in Figures 1 through 3,  when 
total volatiles yield is of interest, k(t) is the preferred index of non- 
isothennality over either m(t) or b(t). 

Figure 4 shows that at a fixed particle size, increasing the surface 
heating rate increases the magnitude but decreases the duration of the initial 
non-idealities in the particle temperature field. 
because, with increasing surface heating rate, the surface temperature 
increases so.rapidly during a time equal to the thermal response time of the 
particle, that the intra-particle temperature field lags further and further 
behind the surface temperature. 
the higher initial temperature gradients generated at higher surface heating 
rates cause a more rapid attenuation of the initial disturbance. 
increasing heating rate, these sharp initial intra-particle temperature 
gradients.translate into strong non-idealities in the local pyrolysis rates 
and hence into significant departures of ~ ( t )  from unity (Fig. 5 ) .  With 
declining heating rates (Fig. 5) the magnitude of these non-idealities is 
attenuated but they remain significant over increasing ranges of pyrolysis 
time. 
rate reduces the differences between the surface and internal temperatures 
(Fig. 4 ) ,  and because the resulting intra-particle temperature gradients are 
lower, and thus provide less driving force for temperature relaxation, thereby 
extending the time over which the intra-sample pyrolysis rates exhibit 
significant non-idealities. 
exacerbates each of the above effects (Fig. 2 ) .  

The first effect arises 

The shorter relaxation time arises because 

With 

These effects respectively arise because decreasing the surface heating 

Increasing particle size at a fixed heating rate 

The impacts of these intra-sample rate variations on the conversion-index 
of non-isothermality n(t), are attenuated strongly in both magnitude and 
duration (Fig. 6 ) ,  due to the interplay of rate and cumulative pyrolysis time 
discussed above. The magnitude of the non-idealities in &(t) are worsened 
with increasing heating rate, because surface temperature and surface pyroly- 
sis rate more and more rapidly outpace the corresponding quantities within the 
particle, thus expanding the differences between the extents of conversion 
predicted for these two regions at smaller and smaller reaction times. 
Conversely, the non-idealities in n(t.1 decrease when heating rate decreases, 
because the particle temperature field (Fig. 4 ) ,  and average pyrolysis rate 
(Fig. 5 ) ,  track the surface temperature more and more closely, and because the 
greater time required for the surface temperature to attain its final value, 
allows intra-particle conversion to proceed further to completion. 

For a thermally neutral reaction, a change in the activation energy for 
pyrolysis has no effect on intra-particle temperature gradients [and hence on 
m(t)], but Figure 7 shows that increasing E increases the magnitude of the 
non-idealities in *(t), as would be expected since larger E ' s  imply stronger 
dependencies of rate on temperature. Since m(t) is unaffected by changing E,  
any effect of E on n ( t )  will reflect only E-induced changes in W(t). Such 
effects should be small since at this heating rate (103 C/s) quite large 
changes in m(t) at an E of 50 kcal/g-mole (Fig. 51, are strongly attenuated 
in %(t) (Fig. 6 ) ,  and the E-induced variations in p(t) (Fig. 7 )  are by 
comparison, rather small. 
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Figure 8 shows that for  constant p and C,, decreasing either the thermal 
conductivity or thermal diffusivity of the coal increases the magnitude and 
duration of non-idealities in (t) and rt (t). For an endothermic reaction 
the values of m(t) and %(t) at long pyrolysis times would increase with 
increasing values of either of these thermal parameters. For example, for 
MPy = +50 cal/g coal, these two indices would increase by a factor of 10, for 
10 to 15% increases in a or X (Hajaligol et al. 1987). 

Figure 9 shows the effects of pyrolysis time on qr(t), *(t), and n(t) for 
cases where pyrolysis is not thermal neutral. The discussion is simplified by 
expressing the results in terms of a dimensionless parameter A, which reflects 
the interaction of chemical kinetic and thermal physical parameters in 
determining the impact of chemical enthalpy on particle non-isothexniality. 
Delta is derived by non-dimensionalizing Eq. (l), see Eq. ( Z ) ,  and physically 
can be thought of as the ratio of the average rate of heat generation (or  
depletion) at the particle surface from pyrolysis, to the average rate of 
conductive transfer of heat into the particle from its sllrface. Figure 9 
shows that for reasonable exo- o r  endo-thermicities, m(t) and ~ ( t )  do not 
approach perfect ideality, even at long pyrolysis times, while k(t) goes 
virtually to unity (isothermal behavior) in reasonable times. The magnitude 
and duration of the non-idealities expressed by %(t) depend on the ratio of 
the pyrolysis time to the particle heat-up time (Hajaligol et al. 1987). At 
long pyrolysis times qr(t) and &(t) attain S-specific plateaus that are 
independent of heating rate or  particle size, although both 
the magnitude and duration of the transients in these two indices. 

parameters affect 

Figure 10 shows, for thermally neutral pyrolysis, domains of particle size 
and surface heating rate where the particle is at least 95% "isothermal" 
according to each of the above indices [qr(t), c,(t), and r):(t)l. The 
temperature index provides a broader range of compliant particle sizes and 
heating rates, because it is uninfluenced by devolatilization kinetics. 
non-thermally-neutral reaction it is much more difficult to define domains of 
particle size and heating rate where m(t) meets the 95% ideality criterion - 
note the very small A values required for m(t) to approach 0 in Fig. 9. 

For a 

The rate index [~(t)] obviously enfolds kinetic effects, and consequently 
presents a more m o w  domain of isothermality (Fig. 10). Clearly this index, 
rather than m(t) alone, should be considered in evaluating the role of heat 
transfer effects in devolatization kinetic data and in designing experiments 
to probe intrinsic chemical rates. The conversion index, r): (t), provides a 
somewhat broader isothermality domain, due to the damping effect of pyrolysis 
time discussed above. 

Effects of activation energy and thermal physical properties on the 
isothermality domains can be inferred from Fig.'s 7 and 8 respectively. 
Increasing or decreasing E as in Fig. 7, has no effect on the regions pres- 
cribed by m(t) and ~ ( t ) ,  but respectively decreases and increases the 
domains defined by w (t) (dashed lines of Fig. l o ) .  

When pyrolysis is not thermally neutral, the domains of particle isother- 
mality may, depending on the magnitude of NPy, shrink from the boundaries 
defined in Fig. 10. Regimes of Dp and i~ meeting each of the above criteria 
can still be prescribed by calculating compliant families of curves in Fig. 
10, using AHPY as a parameter. Alternatively, the parameter S can be used to 
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advantage in a more efficient computation procedure that accounts eltplicitly 
for all parameters contributing to heat of pyrolysis effects. 
~ ( t )  shows the greatest effect of h H p y  (Fig. 9). Figure 11 shows how ~ ( t )  
varies with I i 1 ,  where the upper and lower branches [m(t) > 1, and < 11, 
reflect exo- and endo-thermic pyrolysis, respectively. 
obtain values of 1 such that P(t) indicates a desired extent of isother- 
mality, say 95%. With 8 fixed, and fixed thermal-physical properties, the 
particle diameter, Dp , final surface temperature Ts , and surface heating rate, 
m, become the only adjustable parameters of the system. 
particle diameters, Fig. 10 is then used to define the allowed maximum surface 
heating rates for any of the isothedity indices, and the value from Fig. 11 
sets the corresponding maximum allowed surface temperature. 
desired surface heating rate can be pre-selected with the corresponding 
maximum allowed particle diameter and surface temperature being obtained from 
Figs. 10 and 11 (via 8 )  respectively, or a maxim surface temperature can be 
pre-chosen with the compliant i value (Fig 11) prescribing the maximum allowed 
Dp, and Fig. 10 the corresponding maximum acceptable surface heating rate. 
This protocol is conservative in that it is valid for all pyrolysis times, and 
utilizes the most stringent of the above isothennality indices, rb (t). 

Conclusions 

1. The extent of coal particle non-isothemlity at any stage of pyrolysis can 
be quantitatively depicted in terms of numerical indices reflecting not only 
spatial non-uniformities of the intra-particle temperature field, but also 
non-idealities in the rate and extent of pyrolysis. 

2 .  Mathematical modeling of coupled rates of intra-prticle pyrolysis and heat 
transmission, relates each index to operating conditions of interest in coal 
combustion and gasification including surface heating rate, particle diameter, 
final temperature, and pyrolysis time. 

3.  Domains of surface heating rate and particle diameter where each isother- 
mality criterion is met to within 5% at all pyrolysis times are plotted for a 
base case of zero heat of pyrolysis. 

4 .  Data and procedures for using these same isothermality maps khen pyrolysis 
is not them1 neutral are also provided. 

5. The analysis shows that diagnosing a pyrolyzing coal particle as "isother- 
mal" based upon close agreement between its surface and centerline tempera- 
ture, can lead to serious errors in estimates of corresponding volatiles 
release rates and total volatiles yields. 

6 .  Each isotherrnality index exhibits significant temporal variations, showing 
that pyrolysis time, and hence extent of conversion must be considered in 
assessing particle non-isothermality and its impact on pyrolysis behavior. 

The rate index, 

This figure is used to 

For preselected 

Alternatively a 
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Nomenclature 

Particle Diameter, h 

Activation Energy, Cal/g-mole 
Effective Heat Transfer Coefficient, Cal/(W-Sec-C) 
Reaction Frequency Factor, sec-1 

Surface Heating Rate, "K/sec 

Biot Number; h,, dp/2A 
Surface Heat Flux Density, Cal/sec 

Gas Constant; 1.987 Cal/gmole"K 

Radius, h 

Partice Radius, (3m 

Temperature,'K 

Initial Temperature,'K 

Surface Temperature, 'K 

Final Surface Temperature, 'K 

Ambient Temperature,'K 

Time, Sec 

Particle Volume, On3 

Particle Density, g/m3 

Particle Thermal Conductivity, Cal/(Cm-Sec-C) 
Particle Thermal Diffusivity, /Sec 
Heat of Pyrolysis, C a l / g  

A% m -  ' - 11, f 0 Dimensionless Temperature; - 
8, Dimensionless Surface 

7: -7Lf 
0,' Dimensionless Center Temperature; %ltJ  -'sf 

?: - T s f  6, Dimensionless Ambient Temperature: TH -Ts,f 

'E -T4' Dimensionless Time; dt/ af 
4 Dimensionless Length; r/Ra 
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7 ,+ Dimensionless Temperature Index 

"r, ,T ,  Dimensionless Rate Index 

7, ,T, Dimensionless Conversion Index 
& 

J 
A 

Dimensionless Parameter; R T&f / E  

Dimensionless Heating Rate; d;/[4d (T  - '&,+I] 
9 Dimensionless Heat Flux Density; 

L 
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THERMOKINETIC TRANSPORT CONTROL A N D  STRUCTURAL MICROSCOPIC 

THEIR DOMINANT ROLE I N  DUST EXPLOSIONS 

By M .  Hertzberg,  I. A. Zlochower, R. S. Conti ,  and K. L. Cashdollar 

U. S. Bureau of Mines 
P i t t sbu rgh  Research Center 

P.O. Box 18070 
Cochrans M i l l  Road 

P i t t sbu rgh ,  PA 15236 

ABSTRACT 
The r e a c t i o n  mechanism for  coa l  py ro lys i s  and d e v o l a t i l i z a t i o n  involves  t h e  

inward progression from the exposed su r face  of a decomposition wave, whose speed Of 
propagation determines t h e  py ro lys i s  r a t e .  
d r iv ing  the wave and by thermodynamic t r a n s p o r t  c o n s t r a i n t s  w i th in  the  p a r t i c l e .  
Microscopic d a t a  a r e  presented t h a t  r e v e a l  t h e  s t r u c t u r e  of t h a t  wave f r o n t  for 
u n i d i r e c t i o n a l  l a s e r  exposure of both macroscopic coa l  sam l e 3  and microscopic d u s t  
p a r t i c l e s .  
t h i ckness  is l e s s  t han  50 pm. 

12-115 W/cm2 t h a t  g ive  a py ro lys i s  and d e v o l a t i l i z a t i o n  " r a t e  c o e f f i c i e n t "  o f ,  

REALITIES I N  COAL AND POLYMER PYROLYSIS A N D  DEVOLATILIZATION: 

The speed is con t ro l l ed  by t h e  hea t  f lux 

A t  bu rne r - l eve l  hea t  f l u x e s  of 100 t o  125 W/cm 3 , t he  wave f r o n t  

New d a t a  are a130 presented fo r  polymethylmethacrylate (PMMA) a t  f lux  l e v e l s  of 

k t  = C(T)dT + AHv]-' , 
whose va lue  is p r e d i c t a b l e  from thermodynamic t r a n s p o r t  c o n s t r a i n t s  alone. Except 
fo r  t h e  complicat ion of t he  c o a l ' s  char- layer  r e s idue  and its increasing th i ckness ,  
which i n s u l a t e s  t h e  wave f r o n t  from the  hea t  sou rce  f lux  t h a t  d r i v e s  i t ,  both c o a l  
and PMMA behave s i m i l a r l y .  For PMMA, t h e  decomposition temperature ,  T a l  is 
350-400° C; f o r  c o a l  i t  is 450-600° C. 

r eac t ion  p rocesses  occur  isothermally under chemical r a t e  c o n t r o l  and t h a t  they a r e  
desc r ibab le  by unimolecular .  Arrhenius func t ions  of the source temperature.  

ro l e s  i n  t h e  o v e r a l l  mechanism of flame propagat ion i n  dus t - a i r  mixtures.  Data f o r  
the p a r t i c l e  s i z e  dependences of t h e  l e a n  limits of f lammabil i ty  f o r  coa l s  and 
polymers r e v e a l  t hose  r o l e s .  The above measured r a t e  c o e f f i c i e n t  f o r  PMMA gives  a 
reasonable  p r e d i c t i o n  of the coa r se  s i z e  a t  which the  p a r t i c l e  d e v o l a t i l i z a t i o n  
process becomes r a t e  l i m i t i n g  i n  a PMMA dus t  explosion.  

There is no s u b s t a n t i v e  evidence t o  support  t h e  t r a d i t i o n a l  viewpoint t h a t  t h e  

The v o l a t i l i t y  y i e l d  of a dus t  and its r a t e  of d e v o l a t i l i z a t i o n  play dominant 

INTRODUCTION 
Two t h e o r i e s  o r  models have been used t o  desc r ibe  t h e  process  of coal p a r t i c l e  

py ro lys i s  and d e v o l a t i l i z a t i o n .  The f i rs t  is t he  t r a d i t i o n a l  viewpoint,  which 
considers  t h e  r e a c t i o n  process  t o  be under chemical r a t e  con t ro l  ( 1 ,  2, 3 ) ;  t h e  
second is a newer viewpoint t h a t  cons ide r s  the r e a c t i o n  process  t o  be under heat  
t r anspor t  c o n t r o l  ( 4 ,  5, 6 ,  7) .  In  t h e  t r a d i t i o n a l  model t h e  r e a c t i o n  or r e a c t i o n s  
a r e  viewed a s  occur r ing  i so the rma l ly  throughout t h e  p a r t i c l e  and are described by 
c l a s s i c a l ,  unimolecular ,  Arrhenius func t ions  of t h e  p a r t i c l e  temperature,  T. The 
r eac t ion  r a t e  is given by 

= ko [,-Ea/RT 1 C V ( - )  - V ( t ) l ,  1 )  dV( t )  
d t  

where V ( t )  is the  v o l a t i l e  y i e l d  ( i n  p c t )  a f t e r  an exposure t ime,  t ;  V ( - )  is the 
maximum v o l a t i l e  y i e l d  a s  t + m ;  ko is t h e  preexponent ia l  f a c t o r ;  Ea is t h e  
a c t i v a t i o n  energy; R is t h e  un ive r sa l  gas  cons t an t ;  and T is t h e  temperature  of t h e  
pyrolyzing p a r t i c l e .  Considerable  e f f o r t  has gone i n t o  t h e  development of complex, 
p a r a l l e l  or s e q u e n t i a l  r e a c t i o n  schemes t o  p r e d i c t  t h e  o v e r a l l  r a t e  of py ro lys i s  and 
the  y i e l d s  of v o l a t i l e  products .  Su rp r i s ing ly ,  however, l i t t l e  e f f o r t  has been 
devoted t o  a ,  r e a l i s t i c  a n a l y s i s  of the hea t  t r a n s p o r t  processes  by which p a r t i c l e  

' 

temperatures ,  i n i t i a l l y  a t  To, a r e  e l eva ted  t o  t h e  r e a c t i o n  temperature T a f t e r  
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t h e i r  exposure to some high temperature  source a t  Th. 
assumed t h a t  t h e  exposed coa l  p a r t i c l e s  r a p i d l y  reached the high temperatures  of the 
furnace walls, or t he  hot gases ,  or t h e  e l e c t r i c a l l y - h e a t e d  sc reens  t o  which they  
were exposed. The temperature used i n  Equation 1 was gene ra l ly  t h e  source 
temperature ,  Th. A major except ion was Z i e l i n s k i  (7). whose independent a n a l y s i s  of 
t he  d a t a  of many i n v e s t i g a t o r s  l ed  t o  t h e  conclusion t h a t  t h e  r a t e  of t h e  hea t  
t r a n s f e r  from the high-temperature source t o  t h e  coa l  p a r t i c l e s  exer ted t h e  dominant 
i n f luence  on t h e  r a t e  of v o l a t i l e 3  evo lu t ion .  He noted t h a t  coa l  p a r t i c l e  
temperature measurements were "very r a r e  indeed,"  and caut ioned r e s e a r c h e r s  a g a i n s t  
a s s ign ing  " the temperature of t h e  hea t  c a r r i e r  or the  con ta ine r  walls" t o  t h e  
temperature  of " the coal  p a r t i c l e s  themselves." Z i e l i n s k i ' s  a n a l y s i s  was g e n e r a l l y  
ignored u n t i l  t h e  more r e c e n t  s t u d i e s  o f  F re ihau t  and V a s t o l a , ( 8 ) ,  and t h e  
r e a n a l y s i s  of p a r t i c l e  p y r o l y s i s  da t a  by Solomon and coworkers (9, 10) .  Using 
d i r e c t  o p t i c a l  measurements of p a r t i c l e  temperatures ,  Solomon e t  a l .  (10 )  showed 
c l e a r l y  t h a t ,  dur ing p y r o l y s i s ,  T was gene ra l ly  much lower than Th. For example, i n  
an en t r a ined  flow reac t ion  a t  a source temperature  of Th = 1300° C ,  c o a l  p a r t i c l e s  
of 45-75 wn diameter were completely d e v o l a t i l i z e d  by t h e  t ime they  had reached 
temperatures  of only 700-800° C. Their a n a l y s i s  is neve r the l e s s  l i m i t e d  to  the  
problem of heat  t r a n s f e r  t o  t h e  p a r t i c l e ;  t h e  p a r t i c l e  i t s e l f  is s t i l l  t r e a t e d  as 
r e a c t i n g  i so the rma l ly ,  and uniformly throughout its ex ten t .  I n t e r n a l  v a r i a t i o n s  i n  
temperature  and r e a c t i o n  r a t e  a r e  ignored. Since,  however, t he  p a r t i c l e  is not 
isothermal ,  one must go even f u r t h e r  i n  the  r e a n a l y s i s .  For c o a l ,  e s p e c i a l l y ,  t h e r e  
is inev i t ab ly  a h o t t e r ,  opaque char  l a y e r  a t  the s u r f a c e  of t he  p a r t i c l e  t h a t  
surrounds and conceals  the lower temperature  region of a c t i v e  p y r o l y s i s  f u r t h e r  
within the  p a r t i c l e .  

Accordingly,  not  only must one consider  heat  t r a n s p o r t  l i m i t a t i o n s  t h e  
p a r t i c l e  from the  e x t e r n a l  hea t  sou rce ,  but  also heat  t r a n s p o r t  l i m i t a t i o n s  w- 
o r  through the p a r t i c l e :  t h a t  i s ,  from its s u r f a c e  t o  its i n t e r i o r .  Attempts to 
address  t h a t  l i m i t a t i o n  l ead  t o  the newer viewpoint or model. The s i t u a t i o n  i n  its 
s imples t  form is depicted i n  Figure 1 ,  and t h e  newer theory simply a p p l i e s  t h e  F i r s t  
Law of Thermodynamics t o  t h e  system. A planar  coa l  su r f ace  i s  dep ic t ed ,  py ro lyz ing  
and d e v o l a t i l i z i n g  a t  a s t eady- s t a t e  r a t e ,  io, i n  an inc iden t  r a d i a t i v e  sou rce  f l u x  
of i n t e n s i t y ,  I. The system dep ic t ed  is c o a l ,  which is complicated by a char  
r e s idue  above t h e  py ro lys i s  r e a c t i o n  zone. I n i t i a l l y ,  i t  w i l l  be s impler  t o  assume 
t h a t  t h e  r e a c t a n t  is one t h a t  d e v o l a t i l i z e s  completely so t h a t  t h e  i n c i d e n t  f l u x  is 
absorbed d i r e c t l y  a t  t h e  d e v o l a t i l i z i n g  su r face .  Polymethylmethacrylate (PMMA) i s  
an example of such a substance.  A f r a c t i o n  of t h e  inc iden t  f l u x ,  r I ,  is r e f l e c t e d ,  
and another  po r t ion ,  I t ,  is l o s t  t o  t h e  colder  surroundings by conduct ion,  
convection, and r e r a d i a t i o n .  For t h e  s t eady- s t a t e  propagation o f  t h e  p y r o l y s i s  
wave, a t  t h e  l i n e r  r a t e ,  1, , t h e  F i r s t  Law r e q u i r e s  t h a t  t he  n e t  absorbed f l u x ,  
Iabs  = I(l-r)-It ,  f i r s t  supply t h e  power necessary t o  b r ing  each element of the 
s o l i d  r e a c t a n t  with its hea t  capac i ty  C ( T )  t o  t h e  r e a c t i o n  zone or decomposition 
temperature ,  T,, from its i n i t i a l  temperature ,  To: and second, supply t h e  hea t  of 
d e v o l a t i l i z a t i o n .  Thus, 

Iabs = 1(1 - r )  - It = io p [ITs C(T)dT + AHv]. 

Solving f o r  t h e  mass d e v o l a t i l i z a t i o n  r a t e  per u n i t  area g ives  

Early r e s e a r c h e r s  g e n e r a l l y  

2) 

3) 

T 
0 

I = f o p = k  t I abs = [J;: C ( T )  dT + AHvl-lIabs, 

where t h e  r a t e  c o e f f i c i e n t ,  k t .  is given by the r e c i p r o c a l  of t he  n e t  enthalpy 
change f o r  t h e  o v e r a l l  heat ing and d e v o l a t i l i z a t i o n  process.  

This  newer viewpoint should be con t r a s t ed  with the  t r a d i t i o n a l  one. In  t h i s  
f lux-driven,  hea t - t r anspor t - l imi t ed  model (Equat ions 2 and 3 ) ,  once t h e  i n p u t  f l u x  
l e v e l  exceeds some c r i t i c a l  value fo r  t h e  onset  of r eac t ion ,  which is the  loss f l u x ,  
t h e  p red ic t ed  rate is not p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  r e a c t i o n  zone temperature  of 
t h e  pyrolyzing s u r f a c e .  That temperature ,  T,, is only t h e  upper bound o f  a heat  
capac i ty  i n t e g r a l .  The r a t e  c o e f f i c i e n t ,  k t ,  is much more s e n s i t i v e  t o  the  heat  of 
d e v o l a t i l i z a t i o n  o r  vapor i za t ion ,  AH,. By c o n t r a s t ,  i n  t h e  t r a d i t i o n a l  viewpoint 
(Equation I ) ,  t h e  r e a c t i o n  temperature  T is the only  v a r i a b l e  determining t h e  r a t e .  
I n  the  f lux-driven model, t h e  system is nonisothermal and the  exac t  temperature  of 
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t h e  r e a c t i n g  s u r f a c e  becomes v i r t u a l l y  i r r e l e v a n t  once it reaches some th re sho ld  
value.  The t r a d i t i o n a l  viewpoint ,  by c o n t r a s t ,  focuses  on t h a t  one in t ens ive  
thermodynamic v a r i a b l e ,  T,  and it does so on ly  i n  one r eg ion  of t h e  system, t h e  
r eac t ion  zone. The newer viewpoint emphasizes ex tens ive  thermodynamic va r i ab le s :  
The absorbing f l u x ,  Iabs. and t h e  o v e r a l l  enthalpy change fo r  t he  py ro lys i s  and 
d e v o l a t i l i z a t i o n  process ,  q u i t e  independent of t h e  temperature  of any one r eg ion  of 
the nonisothermal  system. I n  the newer model, t h e  d r i v i n g  fo rce  f o r  t he  r e a c t i o n  is 
t h e  n e t  energy f l u x  d e n s i t y  be ing  absorbed by t h e  r e a c t a n t .  The "ba r r i e r "  t o  
r e a c t i o n  is not some obscure a c t i v a t i o n  energy,  Ea, which must be overcome by 
r a i s i n g  t h e  temperature  of one p a r t i c u l a r  region t o  a high enough l e v e l ;  r a t h e r  i t  
is the  " r e s i s t a n c e "  or thermal  i n e r t i a  o f  t he  e n t i r e  system tha t  must be overcome. 

The thermal  i n e r t i a  is j 2 C(T) dT + AH,, and t h e  r e c i p r o c a l  of t ha t  r e s i s t a n c e  

is the  "conduct ivi ty"  of the r e a c t i o n  wave, which is its r a t e  c o e f f i c i e n t ,  k t .  

PYROLYSIS RATES AND STRUCTURAL MICROSCOPIC REALITIES FOR COAL 
Kine t i c  d a t a  for t h e  d e v o l a t i l i z a t i o n  r a t e s  of microscopic coa l  p a r t i c l e s  of 

varying d i ame te r ,  hea t ed  i n  a C02 l a s e r  beam were r epor t ed  previously ( 4 ,  5 ) .  The 
da ta  a t  a cons t an t  i npu t  laser f l u x  of 300 W/cm2 f o r  p a r t i c l e s  of 51-, 105-, and 
310-pa average diameter  a r e  shown i n  Figure 2. The d a t a  show c l e a r l y  t h a t  t h e  time 
r equ i r ed  f o r  complete d e v o l a t i l i z a t i o n  inc reases  monotonically with inc reas ing  
p a r t i c l e  diameter ,  a s  would be p red ic t ed  by t h e  f lux-driven model of Figure 1 .  The 
e f f e c t  of varying t h e  inc iden t  laser f l u x  f o r  a given p a r t i c l e  s i z e  was a l s o  
s tudied.  

For a more c a r e f u l  a n a l y s i s  of the d a t a ,  it should be noted t h a t  t he  percentage 
mass l o s s  ver sus  t i m e  cu rves  in Figure 2 have c h a r a c t e r i s t i c  s-shapes. Since f i n a l  
v o l a t i l i t y  y i e l d s ,  V(-), are approached on ly  a sympto t i ca l ly  as t + -, i t  is most 
r e a l i s t i c  t o  expres s  t h e  r a t e  of t h e  d e v o l a t i l i z a t i o n  r e a c t i o n  in terms of t h e  t ime 
r equ i r ed  fo r  t h e  p a r t i c l e  t o  d e v o l a t i l i z e  t o  h a l f  its maximum value.  That h a l f  l i f e  
o r  t l l 2 -va lue  corresponds to t h e  i n f l e c t i o n  po in t  of the s-shaped curve.  
d a t a  are summarized in Figure 3 ,  where t h e  measured t1/2 d a t a  p o i n t s  a r e  p l o t t e d  as 
a func t ion  of t h e  i n c i d e n t  laser f lux  f o r  t h e  t h r e e  p a r t i c l e  s i z e s  s tud ied .  For t h e  
cubic  p a r t i c l e  w i t h  s i d e s  o f  width ao. a s  depicted i n  Figure 1 ,  

A l l  t h e  

4 )  = a 0  =sop k ' D p  

t1/2 26, (1 - I t ' )  ' 

where I t '  is an  e f f e c t i v e  loss f l u x  and k' is a constant  of p r o p o r t i o n a l i t y  which is 
l i n e a r l y  p ropor t iona l  t o  t h e  thermal i n e r t i a  of t he  d e v o l a t i l i z a t i o n  r e a c t i o n ,  bu t  
which i s  a l s o  r e l a t e d  t o  t h e  shape of t he  p a r t i c l e  and i t s  o r i e n t a t i o n  in t he  beam. 
The average p a r t i c l e  diameter  i s  D The p r e d i c t i o n s  of Equation 4 a r e  a l s o  shown 
in Figure 3 as the  dashed l i n e s .  
50 W/cm2 f o r  t h e  51-um p a r t i c l e s ,  25 W/cm2 f o r  t h e  105-pm p a r t i c l e s ,  and 10 W/cm2 
f o r  t he  310-pm p a r t i c l e s .  
convect ion t o  t h e  co ld  surroundings,  and t h e i r  choice is  discussed i n  d e t a i l  
elsewhere (5, 6). 
f i t  t o  the  d a t a .  The r easonab le  agreement between t h e  da t a  p o i n t s  and t h e  theo ry  
curves p red ic t ed  by Equation 4 tends t o  confirm the reasonableness  of its 
de r iva t ion .  I t  s u g g e s t s  t h a t  even on t h e  microscopic l e v e l  of p a r t i c l e s  as small  as 
50 pa, t h e  p y r o l y s i s  p rocess  proceeds a t  a rate determined by t h e  hea t - t r anspor t -  
l i m i t e d  speed with which t h e  d e v o l a t i l i z a t i o n  wave is dr iven  through t h e  p a r t i c l e  by 
t h e  heat  sou rce  f lux .  The p y r o l y s i s  " r a t e  constant"  is determined by t h e  
thermodynamic p r o p e r t i e s  of t h e  medium, and no f u r t h e r  assumption r ega rd ing  a 
r e a c t i o n  k i n e t i c  mechanism appears  t o  be necessary.  

con ta in ing  t h e  most d e t a i l e d  s p a t i a l  r e s o l u t i o n  were r epor t ed  by Lee, Singer ,  and 
Chaiken ( 1 1 )  for l a r g e  c o a l  c y l i n d e r s  1.8 cm in diameter and 5 cm high. 
Temperatures were measured every 3 mm. Their  temperature  p r o f i l e s ,  obtained w i t h  
t h e  same l a s e r  but a t  much lower f i r e - l e v e l  h e a t  f l uxes ,  a r e  summarized in Figure 4 .  

%e e f f e c t i v e  loss f l u x e s ,  Ie'. were taken as 

These l o s s e s  a r e  mainly a s soc ia t ed  with conduction- 

A cons tan t  k '-value of 1.46 kJ/cm3 f o r  a l l  s i z e s  g ives  the  b e s t  

In terms of t h e  a c t u a l  thermal s t r u c t u r e  of t he  py ro lys i s  wave f r o n t ,  t he  da t a  
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They a l s o  obtained x-ray d e n s i t y  p r o f i l e s  which showed t h a t  t h e  r e a c t i o n  zone Of 
a c t i v e  py ro lys i s  and d e v o l a t i l i z a t i o n  is cha rac t e r i zed  by a minimum dens i ty  Of 0.2 
g/cm3. These minimum dens i ty  po in t s  a r e  shown i n  Figure 4 superimposed on t h e i r  
measured temperature p r o f i l e s .  
the cold s i d e  by unreacted coa l  ( p  - 1.33 g/cm3) and on the  hot s i d e  by a 
consol idated char r e s idue  ( p  = 0.85 g/cm3). 
corresponding t o  t h e s e  minimum densi ty  p o i n t s  is 440-475O C .  

d e v o l a t i l i z a t i o n  composed of "frothing" l i q u i d  bitumen. The l i q u i d  bitumen c o n s i s t s  
of high-molecular-weight py ro lys i s  products ,  and i t  is f r o t h i n g  because lower 
molecular weight gases  and t a r  vapors a r e  bubbling through it. 
zone" is a l s o  phys ica l ly  t r anspor t ing  the  f r o t h i n g  mass of cha r i fy ing  l i q u i d  bitumen 
i n t o  t h e  mass of previously formed char  above it. 
dens i ty  is  thus a compacted r e s idue  of t he  f r o t h i n g  mass of cha r i fy ing  l i q u i d .  Some 
secondary char-forming r e a c t i o n s  a r e  a l s o  occur r ing  i n  t h e  char  l aye r  above t h e  f i z z  
zone, a3 pyro lys i s  vapors d i f f u s e  through t h a t  cap of higher  temperature cha r .  

The da ta  of Lee, S inge r ,  and Chaiken a130 show c l e a r l y  t h a t  t he  py ro lys i s  wave 
f ron t  propagates inward a t  a v e l o c i t y  t h a t  is p ropor t iona l  t o  the r a d i a n t  f l u x ;  
however, a3 the  i n s u l a t i n g  char  l aye r  a t  t h e  s u r f a c e  th i ckens  i n  time, t h e  s u r f a c e  
temperature inc reases  and f l u x  l o s s e s  t o  t h e  co ld  surroundings inc rease  markedly. 
I t  is not  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  t h e  v e l o c i t y  of t h e i r  py ro lys i s  wave f r o n t  
diminishes i n  t ime. Note a l s o  t h a t  t h e  r e a c t i o n  zone temperature ,  however, remain3 
e s s e n t i a l l y  constant  a t  440-475O C ,  q u i t e  independent of t h e  magnitude of t h e  sou rce  
f lux  t h a t  d r i v e s  i t ,  or the r e s u l t a n t  v e l o c i t y  of the py ro lys i s  wave f r o n t .  A t  
t h e i r  h ighes t  l a s e r  f l u x ,  t h e  maximum temperature  of t h e  char  l aye r  at  t h e  s u r f a c e  
was 760-8OOC. Because of the char l aye r  expansion and swe l l ing ,  the f i n a l  Surface 
is at a negat ive displacement r e l a t i v e  t o  t h e  o r i g i n a l  su r f ace  pos i t i on  a t  0 .0  cm. 

That su r f ace  temperature may be considered t o  be t h e  "source temperature" i n  
such experiments s i n c e  i t  is t h e  char  l a y e r  a t  t h e  s u r f a c e  t h a t  d i r e c t l y  absorbs t h e  
l a s e r  f lux  a 3  time proceeds.  Heat is then conducted through t h a t  char  l a y e r  t o  t h e  
r e a c t i o n  zone below. Thus, although t h e  sou rce  temperature  is as  high a3 760-800" C 
for  the higher f l u x  d a t a ,  t he  r e a l  temperature  of the coa l  mass t h a t  is pyrolyzing 
and d e v o l a t i l i z i n g  is only 440-475' C ,  and it would be inco r rec t  t o  a s s ign  t h a t  char  
layer  temperature t o  t h e  r e a c t i n g  coa l .  I t  should a l s o  be noted t h a t  i f  the 
temperature of t h e  coal  sample or " p a r t i c l e "  were measured o p t i c a l l y  from t h e  
su r face  s p e c t r a l  r ad iance ,  one would. of course,  o b t a i n  only t h e  su r face  temperature  
of t h e  char  r e s idue  and not t h e  temperature of t h e  r e a c t i n g  coa l .  

t he  coa l  s t r u c t u r e  t h a t  r e s u l t  from the  propagat ion of such a py ro lys i s  wave f r o n t .  
The microscopic d a t a  w i l l  be presented f o r  f i n e  coa l  p a r t i c l e s  such as those  used t o  
o b t a i n  the  d a t a  i n  Figures  2 and 3 ,  and a l s o  f o r  l a r g e  coal  samples comparable i n  
s i z e  t o  those  f o r  which t h e  da t a  i n  Figure 4 were ob ta ined .  Scanning e l e c t r o n  
microscope (SEM) photographs of a c o a l  p a r t i c l e  exposed f o r  100 ms to a l a s e r  f l u x  
o f  100 W/Cm2 a r e  shown i n  Figure 5. 
magnif icat ions.  The measured weight loss was on ly  about 1 p c t ,  and it can thus  be 
i n f e r r e d  t h a t  t he  exposure time ba re ly  exceeded t h e  induct ion t ime r equ i r ed  f o r  t h e  
s u r f a c e  of t h e  p a r t i c l e  t o  r each  the  decomposition temperature.  There is, 
neve r the l e s s ,  c l e a r  evidence t h a t  l i q u i d  bitumen was formed near  t he  Surface of t he  
p a r t i c l e .  That bitumen was oozing o u t  from between t h e  bedding planes while  t h e  
p a r t i c l e  was being hea ted ,  but  a f t e r  t h e  beam was turned o f f ,  t he  su r face  cooled and 
t h e  bitumen r e s o l i d i f i e d  i n  t h e  form of r idges .  Those r idges  a r e  c l e a r l y  seen  t o  be 
o r i en ted  p a r a l l e l  to the  bedding planes.  A few blow ho les  a r e  v i s i b l e  i n  those  
r i d g e s  of r e s o l i d i f i e d  bitumen, but t h e r e  a r e  many more unbroken bubbles con ta in ing  
v o l a t i l e s  t h a t  were probably never emit ted from the  heated su r face .  Most of those 
v o l a t i l e s  have recondensed a3 l i q u i d  t a r s  t h a t  a r e  probably s t i l l  contained within 
the  bubble enc losu res .  C lea r ly ,  although d e v o l a t i l i z a t i o n  may have occurred w i t h i n  
those bubbles,  t h e  process  was not ye t  r e g i s t e r e d  as a weight loss s i n c e  t h e  
v o l a t i l e s  never broke through the  bubble Walls. The SEM photographs i n  Figure 5 
suggest  t h a t  t he  e x t e n t  of thermal py ro lys i s  i n  a p a r t i c l e  may be more ex tens ive  

That r e a c t i o n  zone of minimum dens i ty  is bounded on 

The r e a c t i o n  zone temperature 

The minimum dens i ty  zone may be viewed a 3  a " f i z z  zone" of a c t i v e  

The bubbling " f i z z  

The consol idated char  of higher  

S t r u c t u r a l  data w i l l  now be presented t h a t  r evea l  the morphological changes i n  

The same p a r t i c l e  is shown a t  two 
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than t h a t  ob ta ined  from the  d e v o l a t i l i z a t i o n  weight l o s s .  In  o rde r  to be more 
p rec i se ,  one should t h e r e f o r e  d i s t i n g u i s h  between those  two s e q u e n t i a l  processes .  
Py ro lys i s  or decomposition occurs  f i r s t ,  and v o l a t i l e  emission occurs  l a t e r .  The 
photographs c l e a r l y  i l l u s t r a t e  t h e  n a t u r e  of t h e  mass t r a n s p o r t  l i m i t a t i o n  involved 
i n  t he  t r a n s i t i o n  between - the generat ion o f  v o l a t i l e s  by thermochemical p y r o l y s i s  
and t h e i r  subsequent emission by bubble t r a n s p o r t  and rupture .  I t  is only a f t e r  t h e  
l a t t e r  process  is complete t h a t  a f i n i t e  weight l o s s  is r e g i s t e r e d .  

The SEM photograph shown i n  Figure 6 is a l a t e r  s t a g e  i n  t h e  same process .  I t  
is a p a r t i c l e  exposed f o r  a t ime of 400 m s  a t  a l a s e r  f l u x  of about 125 W/cm2. 
Based on its mass l o s s ,  t h e  p a r t i c l e  is somewhat more than  h a l f  d e v o l a t i l i z e d ,  and 
it has c l e a r l y  no t  r e a c t e d  uniformly throughout its ex ten t .  Only the  upper h a l f  of 
t he  p a r t i c l e  ( seen  in Figure 6 as its r i g h t  s i d e )  has  d e v o l a t i l i z e d .  The lower half 
of the p a r t i c l e  (on t h e  l e f t )  is  e s s e n t i a l l y  unreacted.  It  is t he  o r i g i n a l  coa l  
s t r u c t u r e .  The l a s e r  beam was inc iden t  on t he  upper s u r f a c e  of t h e  p a r t i c l e ,  and 
only t h e  upper po r t ion  was d e v o l a t i l i z e d  du r ing  t h e  exposure time. It d e v o l a t i l i z e d  
i n t o  a dome or bubble,  and a f t e r  t he  v o l a t i l e s  contained within t h a t  dome were 
vented through blowholes,  t h e  whole s t r u c t u r e  seems t o  have s t a r t e d  t o  c o l l a p s e  
under i t s  own weight.  But, as it was co l l aps ing ,  t he  higher  molecular weight 
py ro lys i s  products  t h a t  comprise the  dome wall were s imultaneously s o l i d i f y i n g  i n t o  
a char.  When they  d i d  s o l i d i f y ,  a wrinkled s k i n  r e s i d u e  was l e f t .  

The d e v o l a t i l i z a t i o n  wave thus  appears  t o  have t r ave r sed  more than h a l f  way 
through t h e  p a r t i c l e  by t h e  t ime t h e  l a s e r  beam was turned o f f .  The p a r t i c l e  then 
cooled, and t h e  d e v o l a t i l i z a t i o n  process  was quenched w i t h  t h e  p y r o l y s i s  wave 
"frozen" i n  p l ace .  C lea r ly  t h e  th i ckness  of t h e  wave f r o n t  is s u b s t a n t i a l l y  smaller  
than t h e  p a r t i c l e  diameter ,  and one can i n f e r  a wave f r o n t  t h i ckness  of no more than 
50 p a  from t h e  SEM photograph. Similar  examples of such p a r t i a l l y  d e v o l a t i l i z e d  
p a r t i c l e s  a r e  shown i n  Figure 7. Those p a r t i c l e s  a r e  somewhat smaller  in diameter 
and were exposed t o  a l a s e r  f l u x  of about 100 W/cm2 f o r  about 1 s. Based on t h e i r  
average weight loss, the  p a r t i c l e s  were about  two-thirds  d e v o l a t i l i z e d .  In a l l  fou r  
in s t ances ,  t h e  p a r t i c l e s  a r e  viewed from the  top ,  which was the s u r f a c e  on which t h e  
l a s e r  beam was inc iden t .  Blowholes and char  r e s i d u e s  a r e  seen on t h e  top  po r t ions  
of the p a r t i c l e s .  Unreacted coa l  r e s idues  with t h e i r  c leaved edges and l edges  a r e  
c l e a r l y  v i s i b l e  a t  t h e  bottoms of the p a r t i c l e s .  Again, t h e  py ro lys i s  waves are 
frozen in p lace  af ter  having t ransversed on ly  p a r t  of the way i n t o  t h e  p a r t i c l e s .  

Experiments were a l s o  conducted w i t h  macroscopic coa l  samples of P i t t sbu rgh  seam 
bituminous c o a l ,  and those  r e s u l t s  are shown i n  F igu re  8. The dimensions of the 
sample s t u d i e d  in Figure  8 and its o r i e n t a t i o n  du r ing  l a s e r  exposure a r e  sketched a t  
the top  of t h e  f i g u r e .  The f ace  t o  be inspected by t h e  SEM was d e l i b e r a t e l y  cleaved 
some 20-30' beyond t h e  v e r t i c a l  so t h a t  it would be " i n  t h e  shadow" of t h e  u pe r ,  
i r r a d i a t e d  su r face .  
s r e s u l t e d  i n  coking of t h e  su r face  and i t s  upward expansion a s  the  char  l a y e r  b u i l t  
up in  th i ckness .  Only the  edge of the py ro lys i s  wave f r o n t  moves down t h e  cleaved 
f ace  du r ing  t h a t  exposure t ime,  and it is t h e  edge t h a t  is viewed by t h e  SEM, as 
i l l u s t r a t e d  in t h e  ske tch .  The SEM photographs of the  t r a n s i t i o n  zone between t h e  
c o a l  below and t h e  char  above a r e  shown a t  t h r e e  magnif icat ions,  with t h e  l a r g e s t  
magnif icat ion on t h e  r i g h t .  The t r a n s i t i o n  r eg ion  appears  t o  be q u i t e  sha rp .  
Despite t h e  complicat ions a s soc ia t ed  with t h e  viewing ang le ,  t h e  swe l l ing  and 
f ro th ing  of the  cha r  l a y e r ,  and t h e  waviness o f  the p y r o l y s i s  f r o n t ,  one can 
est imate  a r e a c t i o n  zone th i ckness  f o r  t h e  quenched py ro lys i s  wave t h a t  is no l a r g e r  
than about  50 pa .  

One must a l s o  r e a l i z e  t h a t  t h e r e  is some thermal i n e r t i a  in such a wave f r o n t  so 
t h a t  i t s  p rogres s ion  does not  s t o p  in s t an taneous ly  a f t e r  t h e  l a s e r  sou rce  is turned 
O f f ,  e s p e c i a l l y  i f  t he  wave f r o n t  is being d r iven  by t h e  temperature  g rad ien t  and 
thermal i n e r t i a  of a cha r  l a y e r  above it .  The wave w i l l  i nev i t ab ly  p rogres s  t o  some 
ex ten t  du r ing  t h e  decay time, and thermal d i f f u s i o n  during that same per iod may a l so  
thicken t h e  wave f r o n t .  The quenched "dead" wave seen  in Figure 8 may t h e r e f o r e  be 
somewhat broader t h a n  an a c t i v e  " l ive"  wave. Such thermal  i n e r t i a  e f f e c t s  a r e  even 
more s i g n i f i c a n t  for p a r t i c l e s  t h a t  a r e  hea ted  m d i r e c t i o n a l l y  in a fu rnace  or a 
flow r e a c t o r  than f o r  t h e  u t id i r ec t iona l ly -hea ted  p a r t i c l e s  descr ibed here.  

Exposure of the  samples t o  a l a s e r  f l u x  of 100-125 W/cm3 for  2 
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A macroscopic sample of a Wyoming c o a l  with a low-free swe l l ing  index (Hannah 
seam) was a l s o  s tud ied  by t h e  same technique,  and those r e s u l t s  a r e  reproduced i n  
Figure 9. 
s t r e s s e s  induced by the  high temperature  g rad ien t  l a s e r  exposure (100-125 W/cm2 f o r  
2 seconds) .  

I s t r u c t u r e  of the t r a n s i t i o n  zone between the  char above and t h e  coal  below. The 
pos i t i on  of t h e  py ro lys i s  wave f r o n t  is ind ica t ed  i n  Figures  9A-F by the  arrows a t  
t h e  edges of the SEM photographs.  A d e t a i l e d  a n a l y s i s  of the s t r u c t u r e  is given 
elsewhere (61 ,  but aga in  t h e  da t a  give an i n t r i n s i c  width of t h e  wave f r o n t  t h a t  is 
l e s s  than 50 pm. 

These SEM photographs i n  Figures  5, 6 ,  7 ,  8 ,  and 9 c l e a r l y  r e v e a l  the ex i s t ence  
of t h e  py ro lys i s  wave f r o n t  and its s t r u c t u r a l  r e a l i t y  on t h e  microscopic s c a l e .  
They s t rong ly  support  t h e  newer viewpoint t h a t  t h e  process  occurs i n  the  form of the  
inward progression of a py ro lys i s  wave f r o n t  from t h e  exposed su r face .  Even f o r  
small p a r t i c l e s ,  t h e s e  microscopic r e a l i t i e s  d i r e c t l y  c o n t r a d i c t  t he  t r a d i t i o n a l  
viewpoint t h a t  t h e  r e a c t i o n  process  occur s  i so the rma l ly  throughout t h e  p a r t i c l e .  

There was s u b s t a n t i a l  cracking of t he  sample caused by the  mechanical 

Those f r a c t u r e s  provide a r e v e a l i n g ,  three-dimensional view of t h e  

PYROLYSIS AND DEVOLATILIZATION OF PMMA 
Long c y l i n d e r s  of polymethylmethacrylate (PMMA) with diameters  of 0.45 cm were 

o r i en ted  on end, and exposed t o  the  same C02 l a s e r  beam. 
s u r f a c e  of t h e  rod maintained its c i r c u l a r  c ros s  s e c t i o n  as t h e  s u r f a c e  r eg res sed  
downward along t h e  a x i s  of the cy l inde r .  The weight or mass l o s s  per u n i t  area, A m ,  
was measured as a func t ion  of exposure time i n  a given laser f lux .  The da ta  a r e  
summarized i n  Figure 10. The good l i n e a r i t y  of the  Am versus t ime curves i n d i c a t e  
t h a t  s t eady- s t a t e  cond i t ions  were obtained.  Lines a r e  drawn i n  Figure 10 for  t h e  
l e a s t  squares  f i t s  t o  t h e  data po in t s  a t  each f l u x  l e v e l .  The l i n e s  a r e  well  
r ep resen ted  by t h e  equat ion 

The pyrolyzing upper 

Am = rh ( t  - 1). 5 )  
The s lope of each l i n e  thus  r e p r e s e n t s  t h e  s t eady- s t a t e  d e v o l a t i l i z a t i o n  r a t e ,  ti, a t  
each f lux ,  and t h e  ho r i zon ta l  i n t e r c e p t  is t he  induc t ion  t ime,  T, a t  t h a t  f l u x .  
C lea r ly ,  t h e  induc t ion  t ime i s  simply t h e  time requ i r ed  f o r  t h e  s u r f a c e  of t h e  
sample t o  be heated t o  t h e  d e v o l a t i l i z a t i o n  temperature .  The s t eady- s t a t e  r a t e s  a r e  
p lo t t ed  i n  Figure 11 a s  a func t ion  of t h e  n e t  i n c i d e n t  f l u x  1(1 - r )  = 0.93 I ,  
where the  r e f l e c t a n c e ,  r ,  is  taken a s  7 pc t .  A l e a s t  squares  f i t  t o  t h e  f i v e  s e t s  
of data  p o i n t s  i n  Figure 11 g ives  

rh (mg/cm2s) = 0.72 (mg/J) C0.93 I - 9.81 (W/cm2). 6 )  

The i n f e r r e d  s t eady- s t a t e  l o s s  f l u x  i s  t h e r e f o r e  It - 9.8 W/cm2, and the r a t e  
c o e f f i c i e n t  for  t h e  py ro lys i s  and d e v o l a t i l i z a t i o n  o f  PMMA is t he re fo re  k t  (PMMA)= 
0.72 mg/J = 3.01 g /kca l .  Its r e c i p r o c a l ,  l / k t  - 332 c a l / g ,  is the thermal i n e r t i a  
of t h e  py ro lys i s  wave. According t o  Equation 3, t h e  thermal i n e r t i a  is given by 

Taking t h e  decomposition temperature  for PMMA as  400 O C  (121, C(T)dT + AHv. 
t h e  heat  capac i ty  d a t a  r epor t ed  by Bares and Wunderlich (13) g ive  

I 

I 

f : p C ( T )  dT = 196 c a l / g .  The c a l o r i m e t r i c a l l y  measured value f o r  t h e  heat  of 

depolymerizat ion o f  PMMA (co r rec t ed  t o  400° C )  is 126 c a l / g  ( 1 4 ) .  The sum, 
322 ca l /g ,  is t h e r e f o r e  t h e  c a l c u l a t e d  thermal i n e r t i a  of t h e  system. The 
thermodynamically p red ic t ed  rate constant  obtained from Equation 3 f o r  t h e  py ro lys i s  
and d e v o l a t i l i z a t i o n  of PMMA is thus  i n  e x c e l l e n t  agreement with t h e  measured value 

obtained a t  r a d i a n t  f l u x e s  of 12-115 W/cm2 i s  i n  q u i t e  good agreement with the  
s lopes  measured independently by Vovelle,  Akrich, and Delfau (15 )  and by Kashiwagi 
and Ohlemil ler  (12) .  Thei r  d a t a  were Obtained a t  r a d i a n t  f l u x e s  i n  a much lower 
range of 1.4-4.0 W/cm2. 
elsewhere (6). 
l a r g e r  c r o s s - s e c t i o n a l  a r e a s  of 10 x 10 cm2 and 4 x 4 cm2, r e s p e c t i v e l y .  
Accordingly, t h e i r  loss f l u x e s  were on ly  about  1.0 and 1.5 W/cm2, r e s p e c t i v e l y ,  but  
t h e i r  p l o t t e d  s lopes  were e s s e n t i a l l y  the  same a s  those  i n  Figure 11. 

I 

( obtained from Figure 1 1 .  Furthermore,  t he  measured s lope  from Figure 1 1  fo r  d a t a  

A d e t a i l e d  a n a l y s i s  of both t h e i r  d a t a  is  presented 
Their  da t a  were f o r  v e r t i c a l l y  o r i en ted  s l a b s  of PMMA with much 

I 
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The coal  data presented e a r l i e r  can a l s o  be used to ob ta in  e s t ima tes  for  t h e  
c o a l ' s  kt-value.  The macroscopic i versus I curves  reported by Lee, Singer ,  and 
Chaiken ( 1 1 )  have a l s o  been analyzed i n  d e t a i l  elsewhere (6), and t h e i r  measured 
s lope g ives  k t  = 0.15 g/kcal  fo r  coa l .  The microscopic  p a r t i c l e  da t a  shown i n  
Figure 3 can a l s o  be used t o  i n f e r  a r a t e  c o e f f i c i e n t  f o r  coa l  of k t  = p/2k' = 
1.91 g/kcal ,  which i s  a f a c t o r  of 2-3 higher ,  C lea r ly  those d a t a  f o r  coal  a r e  
s u b s t a n t i a l l y  l e s s  accu ra t e  than the  PMMA da ta .  
f o r  independently-measured r a t e  c o e f f i c i e n t s  f o r  coa l  is probably the  b e s t  one Can 
expect consider ing the  complexi t ies  a s soc ia t ed  with the  Coal ' s  i n s u l a t i n g  char  
l a y e r ,  t he  u n c e r t a i n t i e s  i n  t h e  shape f a c t o r s  f o r  t h e  f i n e  p a r t i c l e s ,  t h e  in-depth 
absorpt ion of the l a s e r  beam which i s  s i g n i f i c a n t  f o r  p a r t i c l e  dimensions but 
t r i v i a l  f o r  l a r g e  samples,  t h e  two o rde r s  of magnitude range i n  inc iden t  f l u x e s ,  and 
t h e  th ree  o r d e r s  of magnitude d i f f e rences  i n  sample s i z e .  Thus t h e r e  is 
considerable  u n c e r t a i n t y  i n  t h e  kt-value fo r  c o a l ,  b u t  t h e  a v a i l a b l e  da t a  sugges t  
t h a t  i t  is somewhat lower than  t h e  value f o r  PMMA. Clea r ly ,  except  f o r  t h e  
complication of t h e  c o a l ' s  char  l aye r  r e s idue  and i t s  more complex d e v o l a t i l i z a t i o n  
thermodynamics, t h e r e  appear t o  be no other  e x t r a o r d i n a r y  d i f f e r e n c e s  i n  t h e  
py ro lys i s  and d e v o l a t i l i z a t i o n  behavior f o r  t h e  two substances.  Both py ro lys i s  
r a t e s  a r e  d e s c r i b a b l e  i n  terms of the  progression of a decomposition wave whose 
speed o f  propagat ion is con t ro l l ed  by thermodynamic t r a n s p o r t  c o n s t r a i n t s .  

Returning t o  t h e  PMMA d a t a ,  Kashiwagi and Ohlemil ler  (12)  and Kashiwagi (161, 
a l s o  measured s u r f a c e  temperatures  during d e v o l a t i l i z a t i o n ,  and those d a t a  are shown 
i n  Figure 12.  
i n s i g n i f i c a n t  u n t i l  some th re sho ld  temperature  is  approached, a t  which point  t h e  
r a t e  becomes exceedingly r a p i d  as t h e  i~ versus T curve t u r n s  v e r t i c a l l y  upward. 
Above t h e  th re sho ld  temperature ,  t h e  rate of p y r o l y s i s  and d e v o l a t i l i z a t i o n  becomes 
v i r t u a l l y  i n s e n s i t i v e  t o  the  su r face  temperature .  FOP t h e  exposed su r face  t o  r each  
t h e  decomposition temperature  of 350-400° C ,  a minimum threshold heat ing f l u x  is 
r equ i r ed  i n  o rde r  t o  overcome the  l o s s  f l u x ,  I,. A theory curve is shown i n  F igu re  
12 which is a s imple s t e p  func t ion  a t  T,, and i t  r ep resen t s  t he  assumption i m p l i c i t  
i n  the d e r i v a t i o n  o f  Equations 2 and 3 .  

i n  the ho r i zon ta l  po r t ion  o f  the curve (rh = 0 )  u n t i l  t h e  su r face  temperature of t h e  
sample reaches t h e  decomposition temperature ,  T,. 
decomposition temperature  T,, t h e  r a t e  becomes f i n i t e  and one is i n  t h e  v e r t i c a l  
port ion of t h e  s t e p  funct ion.  The r a t e  is then  c o n t r o l l e d  e n t i r e l y  by t h e  sou rce  
f l u x  i n t e n s i t y ,  and t h e  temperature  o f  the r e a c t i n g  s u r f a c e  becomes both i n v a r i a n t  
and v i r t u a l l y  i r r e l e v a n t .  

The model r ep resen ted  by Equations 2 and 3 t h u s  uses  a s t e p  func t ion  t o  
approximate t h e  f i n i t e  cu rva tu re  of t h e  t r a n s i t i o n  dep ic t ed  i n  Figure 12 .  I n  t h e  
horizontal  po r t ion  of the s t e p ,  t he  su r face  is hea t ing  up i n  the  input  f l u x ,  bu t  
t he re  is no d e v o l a t i l i z a t i o n  occur r ing  because t h e  temperature  is t o o  low. Once t h e  
temperature r eaches  T, and s i g n i f i c a n t  py ro lys i s  and d e v o l a t i l i z a t i o n  begin,  one 
t r a n s i t s  i n t o  t h e  v e r t i c a l  po r t ion  of t h e  s t e p ,  and t h e  system is under heat 
t r anspor t  c o n t r o l .  

It is a l s o  i n t e r e s t i n g  t o  compare the  measured induc t ion  times for the  o n s e t  o f  
t h e  py ro lys i s  and d e v o l a t i l i z a t i o n  process f o r  t h e  PMMA samples with those p r e d i c t e d  
on the b a s i s  of t h e  measured Ts value of 400° C and t h e  exac t  s o l u t i o n  t o  t h e  time- 
dependent hea t  t r a n s p o r t  equat ion.  For a s e m i - i n f i n i t e  So l id  whose s u r f a c e  is 
heated by a cons t an t  source f l u x ,  Carslaw and Jaeger  (17)  g i v e :  

A d i f f e rence  of a f a c t o r  of 2 o r  3 

The i r  d a t a ,  ob ta ined  a t  two f l u x  l e v e l s  show t h a t  &-values are 

According t o  t h e  assumption used f o r  the new model, t h e r e  is no d e v o l a t i l i z a t i o n  

once the s u r f a c e  reaches the  

T = n C p A (TS - T o ~ 2 / ~ I ( 1 - r ) - I ~ 1 2 .  
6 

7 )  

The time r equ i r ed  f o r  t he  s u r f a c e  t o  reach t h e  temperature  T3 is  t he  induc t ion  
t ime, 'I. The system is i n i t i a l l y  isothermal  a t  To = 25O C. 
is taken a8 the average value f o r  t h e  temperature range between To and T,, which is 
0.52 c a l / g  'C ( 1 3 ) .  The d e n s i t y  p is 1.18 g/cm3, and the  thermal conduc t iv i ty  A is  
taken a s  4.5 x cal/cm s O C  ( 1 4 ) .  The source f l u x  i s  taken a8 

The hea t  capac i ty ,  C ,  

l a b s  1 (l-r)-Ifi .  
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The comparison between t h e  measured 7-values from Figure 10 and those  c a l c u l a t e d  
from Equation 7 is shown i n  Table 1. The comparison i s  made f o r  two cases:  one 
with the  measured s t eady  s t a t e  l o s s  f l u x  of I a  = 9.8 W/cm2; the  o the r  f o r  111 = 0. 
I n i t i a l l y  a t  t = 0 ,  t h e  e n t i r e  sample is  a t  ambient temperature  and I t  = 0 ;  however, 
as t + T, 1, + 9.8 W/cm2. 
t h e  s u r f a c e  temperature  inc reases  from To = 25O C t o  T, = 400° C ,  t h e  l o s s  f l u x ,  
which is due mainly t o  conduction and convection t o  t h e  co ld  surroundings,  i n c r e a s e s  
from 0 t o  9.8 W/cmZ. The l o s s  f l u x  is c l e a r l y  time-dependent, but its average value 
should vary between those  two l i m i t i n g  cases .  The t a b l e  c l e a r l y  shows t h a t  t h e  
measured r-values  f a l l  between t h e  two p red ic t ed  l i m i t i n g  cases .  The on ly  excep t ion  
is the  measured r-value a t  the  h ighes t  f l ux  which is  about  a f a c t o r  of two higher  
than the  c a l c u l a t e d  value.  That d i f f e rence  is a t t r i b u t e d  t o  t h e  f i n i t e  abso rp t ion  
depth of t h e  l a s e r  beam. A t  low f l u x e s  t h a t  abso rp t ion  depth is t r i v i a l  cmpared  t o  
the  c h a r a c t e r i s t i c  width o f  t he  subsurface temperature  p r o f i l e ;  however, a t  t h e  
h ighes t  f l u x ,  t h e  two may be of comparable dimensions. Such in-depth abso rp t ion  is 
s i g n i f i c a n t  a t  t h e  the  h ighes t  f l u x ,  and a l a r g e r  mass near t h e  s u r f a c e  is a c t u a l l y  
heated by t h e  f l u x  than is c a l c u l a t e d  from t h e  simple theory from which Equation 7 
was der ived.  A s  a r e s u l t ,  t he  a c t u a l  induct ion t ime r equ i r ed  f o r  t h e  s u r f a c e  t o  
r each  T, f o r  in-depth abso rp t ion  is longer  than t h a t  ca l cu la t ed  on t h e  assumption 
t h a t  t h e  f lux  is deposi ted e n t i r e l y  at t h e  s u r f a c e .  

Table 1. - Comparison of Measured Induct ion Times f o r  t he  Laser P y r o l y s i s  of 

C lea r ly  du r ing  the  non-steady-state  induct ion pe r iod  as 

PMMA with Theore t i ca l  Ca lcu la t ions  o f  Equation 7 

' Laser Flux,  W/cm' Induct ion Time. i ,  s 
Inc iden t  Net Calculated,  Equation 7 

I I A ~ s - I ( l - r ) - I ~  Measured 19, = 9.8 W/cmC I& = 0 
11 5.0 97.2 0.101 0.057 0.047 

71 .O 56.2 0.160 0.169 0.123 
42.5 29.7 0.50 0.605 0.342 
23.2 11.8 1.83 3.84 1.16 
12.4 1.73 6.70 178 4.04 



gas-phase combustion. Since t h a t  is e s s e n t i a l l y  t h e  same process  t h a t  c o n t r o l s  
homogeneous, premixed, gaseous f lames,  d u s t  flame behavior i n  those  l imits is 
v i r t u a l l y  i d e n t i c a l  t o  t h a t  of an equ iva len t  homogeneous gas -a i r  mixture  of t h e  
d u s t ' s  v o l a t i l e s  ( 2 0 ,  21) .  Thus f o r  very f i n e  dus t  p a r t i c l e s  a t  l ean - l imi t  
concen t r a t ions ,  each p a r t i c l e  is completely d e v o l a t i l i z e d  wi th in  t h e  flame f r o n t ,  
and the  l e a n  l i m i t  concen t r a t ion  of t h e  d u s t - a i r  mixture is determined by t h e  t o t a l  
combustible v o l a t i l e  con ten t  of t he  dus t .  For example, t he  l ean - l imi t  mass 
concen t r a t ion  f o r  f i n e  polyethylene,  C H ~ - ( C H Z ) ~ - C H ~ ,  a dus t  t h a t  d e v o l a t i l i z e s  
completely i n  i ts  l e a n - l i m i t  f lame, is  i d e n t i c a l  t o  t h a t  of homogeneous gas-air  
mixtures  o f  t h e  s a t u r a t e d  a lkanes  (20,  21 1. 

convect ive quenching o f  about 3 cm/s, below which normal flame propagation i s  
impossible (22 ,  23 ) .  For d u s t  f lames,  t h e  l i m i t  burning v e l o c i t y  appears  t o  be 
somewhat h ighe r  f o r  a v a r i e t y  of reasons (24 ) .  For a homogeneous gas flame of 
burning v e l o c i t y  %, t h e  c h a r a c t e r i s t i c  width o f  t h e  flame f r o n t  is 6=a/Su and t h e  
c h a r a c t e r i s t i c  time f o r  t h e  completion of t h e  homogeneous gas  phase r e a c t i o n s  is 
-tpm = 6/Su = S e t t i n g  a = 0.55 cm/s and Su = 3 cm/s f o r  t he  l i m i t  burning 
v e l o c i t y  g i v e s  7pm = 60 m s .  
completion of t he  gas-phase r e a c t i o n s ,  and i f  t h e  r a t e  processes  a r e  slower than 
t h a t ,  t he  normal high-temperature  flame propagation process is quenched by n a t u r a l  
convection ( 2 3 ) .  For heterogeneous d u s t - a i r  f lames the  s i t u a t i o n  appears  t o  be 
somewhat more complicated.  The l i m i t  v e l o c i t i e s  appear t o  be about a f a c t o r  of 2 
h ighe r ,  but a t  t h e  same time t h e  flame zone th i cknesses  appear t o  be broader (24) .  
A higher  Su would, fo r  homogeneous f lames,  normally be a s soc ia t ed  wi th  th inne r  f lame 
f r o n t s  according t o  the previous equat ion,  6= a/Su. A higher  burning v e l o c i t y  and a 
t h i c k e r  flame f r o n t  f o r  d u s t s  suggest  t h a t  t h e  d u s t  flame is always somewhat 
a c c e l e r a t e d  by t u r b u l e n t  v o r t i c e s  which enhance t h e  d i f f u s i v i t y  f a c t o r ,  a, 
i nc reas ing  it  t o  a va lue  t h a t  is higher  than  t h e  normal laminar one (24 ) .  Those 
v o r t i c e s  a r e  a s s o c i a t e d  w i t h  t he  d u s t  f u e l  concen t r a t ion ,  which is i n t r i n s i c a l l y  
inhomogeneous on t h e  s c a l e  of e i t h e r  t he  p a r t i c l e  diameter or t h e  d i s t ance  between 
p a r t i c l e s .  In  any c a s e ,  t h a t  complication f o r  dus t  flames leaves one with an  
unce r t a in ty  i n  the  proper choice f o r  7e f o r  t h e  heterogeneous flame. It  w i l l  be 
h e r e  assumed t h a t  f o r  heterogeneous f lames,  t h e  higher  .SU a t  the  l i m i t  and t h e  wider 
flame zone t h i c k n e s s  (24) g ive  a r e  t h a t  is about a f ac to r  of 2 longer than f o r  
homogeneous f lames,  so t h a t  120 m s  i s  chosen f o r  - te .  T h a t  value is  thus the  maximum 
time a v a i l a b l e  f o r  p y r o l y s i s  and d e v o l a t i l i z a t i o n .  I f  t h e  process t a k e s  any longe r ,  
t h e  v o l a t i l e s  a r e  emi t t ed  i n  t h e  burned gases ,  which is too l a t e  f o r  them to  
c o n t r i b u t e  t o  t h e  propagat ion process  within t h e  flame f r o n t .  

As dus t  concen t r a t ions  inc rease  above t h e i r  l e a n  l i m i t  values ,  or a3 the  d u s t  
p a r t i c l e s  become c o a r s e r ,  t h e  hea t ing  and d e v o l a t i l i z a t i o n  process w i l l  begin t o  
become r a t e  l i m i t i n g .  In t h e  former case ,  a3 s t o i c h i o m e t r i c  concen t r a t ions  (with 
r e s p e c t  to t h e  v o l a t i l e s )  a r e  approached, S, f o r  hydrocarbon-like d u s t s  approaches 
its maximum value of about 40 cm/s (25). Since T~ v a r i e s  as (S,)-2, t h a t  o rde r  of 
magnitude inc rease  in Su reduces 7e by two o rde r s  of magnitude: 
about 1 m s .  For such  r a p i d l y  propagating d u s t  f lames,  on ly  t h e  s u r f a c e  r eg ions  o f  
t h e  dus t  p a r t i c l e s  can c o n t r i b u t e  v o l a t i l e s  to t h e  flame. The flame " r ides  the 
crest" of a nea r - s to i ch iomet r i c  concen t r a t ion  of v o l a t i l e s  r e g a r d l e s s  of t h e  i n i t i a l  
d u s t  loading.  That d e v o l a t i l i z a t i o n  r a t e  l i m i t a t i o n  is r e spons ib l e  f o r  t he  absence 
of a "normal" r i c h  l i m i t  of flammabili ty f o r  dus t s .  Although excess  f u e l  v o l a t i l e s  
may cont inue t o  be emi t t ed  i n  t h e  burned gases  a t  high d u s t  loadings,  they are 
emit ted t o o  l a t e  t o  d i l u t e  t h e  flame f r o n t  with excess  f u e l  vapor (18, 20, 21) .  

Data f o r  t h e  p a r t i c l e  s i z e  dependence o f  t he  l e a n  l i m i t s  of  f lammabil i ty  f o r  
Coal and PMMA, a3 measured i n  a 20-L chamber (26), a r e  shown i n  Figure 13. They 
show c l e a r l y  how t h e  p y r o l y s i s  and d e v o l a t i l i z a t i o n  r a t e  process  becomes r a t e  
l i m i t i n g  a3 t h e  d u s t  p a r t i c l e s  become coa r se r .  The curves fo r  c o a l  and PMMA have 
s i m i l a r  shapes.  The i n i t i a l l y  f l a t  region demonstrates a l ean  l i m i t  t h a t  is 
independent of p a r t i c l e  s i z e  a3 long a3 t h e  p a r t i c l e  diameter is  small  enough. The 
smaller p a r t i c l e s  can a l l  t o t a l l y  d e v o l a t i l i z e  i n  t h e  t ime a v a i l a b l e ,  and t h e  system 
behaves a s  an equ iva len t  homogeneous premixed gas.  A3 diameters  i nc rease ,  t h e  

For homogeneous gas  flames,  t h e r e  e x i s t s  a minimum burning v e l o c i t y  fo r  n a t u r a l  

That 60 ms is the  c h a r a c t e r i s t i c  t ime r equ i r ed  f o r  t h e  

from 120 m s  t o  o n l y  
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curves tu rn  upward a t  some c h a r a c t e r i s t i c  diameter because of the  d e v o l a t i l i z a t i o n  
r a t e  l i m i t a t i o n ,  and a s i z e  dependence begins  t o  appear.  A 3  shown e a r l i e r  i n  
Figures  2 and 3,  fo r  a given hea t ing  f l u x  the  d e v o l a t i l i z a t i o n  t ime inc reases  
l i n e a r l y  with p a r t i c l e  diameter .  Thus t h e  py ro lys i s  and d e v o l a t i l i z a t i o n  r a t e  
l i m i t a t i o n  appears  t o  adequately exp la in  t h e  shapes of the curves .  For a f i x e d  
flame f l u x ,  t h e  t ime r equ i r ed  for d e v o l a t i l i z a t i o n  ldv  w i l l  vary l i n e a r l y  with t h e  
p a r t i c l e  diameter Dp. 
can d e v o l a t i l i z e  completely i n  t h e  t ime a v a i l a b l e ,  and i s  controyled by t h e  gas  
phase combustion r eac t ions .  In  t h a t  range of f i n e  p a r t i c l e  s i z e s  t h e r e  is no s i z e  
dependence. 
s i g n i f i c a n t  i n  t h e  o v e r a l l  flame propagat ion process  and a p a r t i c l e  s i z e  dependence 
begins  t o  appear.  
d e v o l a t i l i z a t i o n  becomes r a t e  con t ro l l i ng .  Only t h e  s u r f a c e  regions of t h e  c o a r s e r  
dus t  p a r t i c l e s  can then d e v o l a t i l i z e  i n  t h e  120 m s  t h a t  i s  a v a i l a b l e  for flame 
propagat ion,  and hence, a higher  d u s t  loading is r equ i r ed  t o  generate  a l e a n  l i m i t  
concen t r a t ion  of combustible v o l a t i l e s .  The curves must t he re fo re  t u r n  upward. 
Eventual ly ,  when t h e  p a r t i c l e s  a r e  so  coa r se  t h a t  an excess ive  d u s t  l oad ing  is 
r equ i r ed ,  then o the r  thermal quenching processes  become s i g n i f i c a n t ,  and t h e  
c r i t i c a l  diameter is reached above which propagat ion is impossible even a t  t h e  
h ighes t  dus t  concentrat ions.  Those c r i t i c a l  diameters  a r e  t h e  v e r t i c a l  asymptotes 
of t h e  cu rves  i n  Figure 13. 

d e v o l a t i l i z a t i o n  r a t e  cons t an t s  r epor t ed  he re  fo r  c o a l  and PMMA. The c o a l  value was 
unce r t a in  by a l a r g e  f a c t o r ,  bu t  it was neve r the l e s s  lower than t h e  kt-value f o r  
PMMA, which was 3.01 g/kcal .  According t o  Equation 3 ,  when exposed for  a t ime t t o  
a ne t  f l u x  Iabs, a d e v o l a t i l i z a t i o n  wave f r o n t  w i l l  t r a v e l  a d i s t ance  x - Pot  = 

k t  I abs  t / p .  
a r e  comparable for  the  two dus t s .  For PMMA, t h e  r a t e  cons t an t  is higher  than  for  
c o a l ,  and its dens i ty  is only s l i g h t l y  lower.  Thus, Equation 3 p r e d i c t s  t h a t  t h e  
c h a r a c t e r i s t i c  diameter  for  PMMA should be somewhat l a r g e r  than the  value for coa l .  
The d a t a  curves  i n  Figure 13  support  t h a t  expec ta t ion .  

A p red ic t ion  of t h e  a b s o l u t e  magnitude of t h e  c h a r a c t e r i s t i c  diameter is a l s o  
poss ib l e .  A s  i nd ica t ed  e a r l i e r ,  t h e  t ime a v a i l a b l e  for  d e v o l a t i l i z a t i o n  wi th in  a 
heterogeneous flame f r o n t  propagating a t  t h e  l i m i t  v e l o c i t y  is t = 120 m s .  But what 
value is one t o  use for I abs  when t h e  p a r t i c l e  is being heated i n  a flame f r o n t ?  
The major unce r t a in ty  i n  p r e d i c t i n g  t h e  c h a r a c t e r i s t i c  diameter i s  t h e  unce r t a in ty  
i n  e s t ima t ing ,  I abs ,  t he  e f f e c t i v e  or ne t  hea t ing  f l u x  t o  which the  p a r t i c l e s  a r e  
exposed a3 they approach, e n t e r ,  and t r a v e r s e  through t h e  flame f r o n t .  For 
homogeneous gas  f lames,  r a d i a t i o n  from the  burned gases  t o  the  unburned f u e l  is 
usua l ly  not  s i g n i f i c a n t  because the  unburned gaseous mixture has a t r i v i a l  
a b s o r p t i v i t y .  That is  not t h e  case fo r  dus t  p a r t i c l e s ,  s o  t h a t  well  be fo re  t h e  
p a r t i c l e s  a c t u a l l y  e n t e r  t h e  flame f r o n t ,  they w i l l  absorb t h e  r ad iance  emit ted from 
t h e  hot combustion products ,  which c o n s i s t  of burned gases ,  s o o t ,  and cha r .  
Typ ica l ly ,  hydrocarbon flames e x h i b i t  a f a i r l y  cons t an t  l i m i t  flame temperature  of 
1400 t o  1500 K ,  and t h e  Planck radiance a t  those  temperatures is  5-7 cal/cm2s. 
for  a s p h e r i c a l  p a r t i c l e  approaching a flame f r o n t ,  t h a t  radiance is seen  only by 
i t 3  forward-facing hemisphere.  That radiance w i l l  however be seen for  a 
considerably longer  time per iod than t h e  p a r t i c l e ' s  120-ms r e s idence  t ime i n  t h e  
flame f r o n t .  A s  the  p a r t i c l e  hea t s  up i n  t h a t  r ad iance ,  i t  w i l l ,  however, l o s e  an 
inc reas ing  f r a c t i o n  of t h a t  r ad iance  by conduction and convection t o  t h e  surrounding 
cold a i r .  I t  is d i f f i c u l t  t o  e s t ima te  the  e f f e c t s  of t h a t  r a d i a n t  hea t  t r a n s p o r t  
process ,  but i t  is c l e a r  from the  previous e s t ima te  of the  p a r t i c l e  l o s s  f l u x e s ,  
which were a s  high a s  50 W/cm2 f o r  50-pm p a r t i c l e s  a t  T, - 450-600° C ,  t h a t  t he  
p a r t i c l e  temperatures  w i l l  remain wel l  below t h e  decomposition temperature  du r ing  
t h a t  approach per iod.  The p a r t i c l e  could neve r the l e s s  be preheated s i g n i f i c a n t l y  
above ambient temperature as it e n t e r s  t h e  flame f r o n t .  Upon e n t e r i n g  t h e  flame 
f r o n t ,  t h e r e  is  an a d d i t i o n a l  conductive-convective heat  f l u x  from the  hot gases  
wi th in  t h e  flame f r o n t .  
pene t r a t e s  i n t o  t h e  burned gases .  A 3  i t  begins t o  d e v o l a t i l i z e  i n  t h a t  

Below some c h a r a c t e r i s t i c  diameter ,  ?dv << 'I m ,  t h e  p a r t i c l e s  

However, a3 'I&, + T ~ ~ .  t h e  d e v o l a t i l i z a t i o n  rate process becomes 

For still  coarser  s i z e s ,  TdV >> lpm, and t h e  r a t e  of 

A more q u a n t i t a t i v e  a n a l y s i s  is poss ib l e  using t h e  py ro lys i s  and 

For dus t  f lames at  t h e i r  l i m i t s  of f lammabil i ty ,  t h e  I a b s  and t values  

But 

That hea t ing  f l u x  i n c r e a s e s  i n  magnitude a3 t h e  p a r t i c l e  
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conductive-convective f l u x ,  t h e  hea t  t r a n s p o r t  process  becomes exceedingly complex, 
and the  "blowing e f f e c t "  of t h e  emit ted v o l a t i l e 3  markedly reduces t h e  Nussel t  
number. R e a l i s t i c  e s t i m a t e s  a r e  d i f f i c u l t  t o  make; however, i n  (25)  i t  is es t ima ted  
t h a t  t h e  average power dens i ty  a c r o s s  a homogeneous, laminar ,  f lame-front  is  g iven  
by S, C p (Tb-Tu). For t h e  dus t  flames under l i m i t  cond i t ions  Su = 6 cm/s. C = 0.35 
c a l / g  K ,  p=1.5 x 10-3 g/cm3, and Tb-Tu = 1500-300 = 1200 K .  
average conductive-convective f l u x  of about 4 cal/cm2s. 
about ha l f  of t h e  p rev ious ly  e s t ima ted  r a d i a n t  f l u x  ( s i n c e  only t h e  forward 
hemisphere of t h e  p a r t i c l e  s e e s  t h e  f lame),  one o b t a i n s  l a b s  = 7 cal/cm2s. 
PMMA, t h e  t r a v e l  d i s t a n c e  of t h e  d e v o l a t i l i z a t i o n  wave i n t o  the  p a r t i c l e  du r ing  its 
exposure wi th in  t h e  f lame f r o n t  t h u s  becomes x - k t  I abs  T ~ / P  = 21 urn. 
PMMA the  depth of pene t r a t ion  of t h e  d e v o l a t i l i z a t i o n  wave f r o n t  i n  t h e  t ime 
a v a i l a b l e  for  flame f r o n t  passage under near  l imi t - cond i t ions  is about 21 urn. For a 
square p a r t i c l e  heated from two opposing f a c e s ,  t h e  p red ic t ed  c h a r a c t e r i s t i c  
diameter would t h e r e f o r e  be 42 urn. For a s p h e r i c a l  p a r t i c l e  i n  an omnid i r ec t iona l  
source f l u x ,  t h e  d e v o l a t i l i z a t i o n  of an o u t e r  s h e l l  21-pm i n  depth would a c t u a l l y  
r ep resen t  the d e v o l a t i l i z a t i o n  o f  some 90 p c t  of t he  mass of a 75-urn-diameter 
p a r t i c l e .  One should a l s o  r e a l i z e  t h a t  such omnidirect ional  hea t ing  gene ra t e s  a 
converging wave f r o n t  which w i l l  a c c e l e r a t e  as hea t  accumulate8 wi th in  t h e  p a r t i c l e .  
Equation 3 was de r ived  f o r  a p l a n a r ,  s t eady- s t a t e  wave f r o n t .  The converging wave 
w i l l  p ene t r a t e  f a r t h e r  i n t o  t h e  p a r t i c l e  during the  same exposure t ime. 
Accordingly,  one e s t i m a t e s  t h a t  t h e  measured r a t e  c o e f f i c i e n t  f o r  PMMA should 
correspond t o  a c h a r a c t e r i s t i c  diameter  of about 80-100 urn fo r  s p h e r i c a l  p a r t i c l e s .  
That e s t ima te  is a l s o  i n  f a i r  agreement with t h e  d a t a  i n  Figure 13. 

The r e s u l t a n t  i s  an 
If one adds t o  t h a t  f l u x  

For 

Thus f o r  

CONCLUSIONS 
On t h e  b a s i s  of a d e t a i l e d  a n a l y s i s  and eva lua t ion  of a d ive r se  s e t  o f  

experimental  obse rva t ions  r epor t ed  by many independent i n v e s t i g a t o r s ,  and on t h e  
bas i s  of t h e  data  r epor t ed  here  f o r  py ro lys i s  r a t e s  and microscopic s t r u c t u r e ,  i t  is 
concluded that t h e r e  is no subs t an t ive  evidence t o  support  t he  t r a d i t i o n a l  viewpoint 
t h a t  t h e  coal  p a r t i c l e  py ro lys i s  process  proceeds i so the rma l ly ,  under chemical r a t e  
con t ro l ,  or t h a t  i t  is desc r ibab le  by a unimolecular ,  Arrhenius func t ion  o f  the 
source temperature ,  Th, t o  which the  c o a l  p a r t i c l e s  a r e  exposed. The overwhelming 
weight of evidence shows t h a t  t h e  process  occur s  i n  t h e  form of a non-isothermal 
decomposition wave whose propagat ion v e l o c i t y  is l i n e a r l y  proport ional  to t h e  n e t  
absorbed heat  f l u x  i n t e n s i t y  and inve r se ly  p ropor t iona l  t o  t h e  o v e r a l l  enthalpy 
change f o r  t he  r e a c t i o n .  

The p y r o l y s i s  and d e v o l a t i l i z a t i o n  " r a t e  w e f f  i c i e n t "  is the r e c i p r o c a l  of t h a t  
o v e r a l l  enthalpy requirement  f o r  hea t ing  and d e v o l a t i l i z a t i o n .  Although t h e  r a t e  
c o e f f i c i e n t  f o r  P i t t s b u r g h  seam bituminous coal  is sma l l e r  than t h a t  f o r  t h e  s imple  
polymer, PMMA, t h e  p y r o l y s i s  and d e v o l a t i l i z a t i o n  behavior of t h e  coa l  is not 
markedly d i f f e r e n t  from that of PMMA, except  f o r  t h e  complicat ions a s soc ia t ed  wi th  
t h e  c o a l ' s  char  l a y e r  r e s idue .  

and d e v o l a t i l i z a t i o n  behavior of c o a l s  and polymers is r e a l i s t i c a l l y  desc r ibab le  by 
t h e  thermodynamic t r a n s p o r t - c o n t r o l l e d  model i n  which t h e  i n t r i n s i c  r a t e  of 
decomposition is desc r ibed  a s  a simple s t ep - func t ion  a t  t h e  decomposition 
temperature ,  T,. Below Ts the i n t r i n s i c  r a t e  is near zero.  A t  T,, t he  i n t r i n s i c  
r a t e  is s o  r a p i d  t h a t  t h e  system is hea t  t r a n s p o r t  con t ro l l ed .  There is no 
subs t an t ive  evidence t h a t  t he  temperature  of t he  r e a c t a n t  during py ro lys i s  and 
d e v o l a t i l i z a t i o n  can s i g n i f i c a n t l y  exceed T,, r e g a r d l e s s  of the source t empera tu re ,  
Th, t o  which i t  is exposed. 
450-600 O C .  

A t  f i r e  and burner l e v e l  hea t  f l u x e s  of 10-100 W/cm2 and above, t h e  p y r o l y s i s  

For PMMA, Ts is 350-400 O C ;  for  the coa l  it i s  
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Figure 1. - A schematic idealization 
Of propagation Of a planar steady- 
state pyrolysis and devolatilization 
wave front in coal as it is being 
driven by a plane-wave radiant source 
flux of intensity, I. 

Figure 2. - The devolatilization mass loss 
for coal particles of 51, 105, and 310um 
diameter as a function of exposure time at 
a constant laser source intensity of 
300 W/cmZ, from reference 5. 
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Figure 3.  - Summary of the measured half lives for coal particles as a fUnctiOn 
of laser Source intensity for the three coal particle sizes from reference 5 .  
The data points are compared with the theory baaed on heat transport 
limitations according t o  the First Law of Thermodynamics. 
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Figure 5. -, Scanning Electron Microscope (SEM) photographs of the exposed surface 
of a coal particle exposed f o r  100 ms to a laser flux of about 100 W/cmz, seen 
at two magnifications. 
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Figure 6. - SEM photograph of a coal particle, which is about two-thirds 
devolatilized after exposure for 400 ms to a laser flux of about 125 W/cm2. 
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Figure 7 .  - SEN p otographs of four d i f f erent  par t i c l e s  exposed to a l a s e r  f l u x  
of about 100 W/c> for 1 S .  The par t i c l e s  are a l l  about two-thirds devo la t i l i zed  
by the l a s e r  f l u x  incident from above. 
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Figure 10. - The measured pyrolysis 
and devolatilization weight (or mass) 
losses for 0.45 cm diameter, PMMA 
cylinders as a function of exposure 
time f o r  different input laser for surface reflectance, r. 
flux intensities in the range 12 to 
115 W/cm2. 

Figure 11. - The measured, steady-state 
rates of pyrolysis and devolatilization 
for 0.45 cm diameter PMMA cylinders, a s  
a function of input laser flux corrected 

Figure 12. - The measured surface 
temperatures at various mass loss rates 
during the pyrolysis and devolatilization 
of PMMA at two radiant fluxes as reported 
by Kashiwagi and Ohlemiller. Measured 
values compared with simplified, step- 
function theory using a discrete, 
decomposition temperature, T,. 41 

Figure 13. - Lean flammability limit as 
a function of particle diameter for 
Pittsburgh seam bituminous coal and 
polymethacrylate. 



SPECTRAL EMISSION CHARACTERISTICS OF SIZE-GRADED COAL PARTICLES* 

Thomas H Fletcher, Larry L Baxter and David K Ottesen 

Sandia National Laboratories, Livermore, CA 94550 

The spectral emission characteristics of coal are examined using Fourier transform infrared emission 
spectroscopy The data were collected from a single layer of stationary, narrowly size-classified samples of 
coal and graphite placed on a heated NaCl window Sample temperatures ranged from 120 to 200°C. FTlR 
data were collected at wavelengths between 2 2  and 17 pm (between 4500 and 580 cm-') Particle sizes 
ranged from 40 to 120 pm and coal rank ranged from lignite to bituminous 

The focus of this work is to evaluate the effects of the nongray emission characteristics of m a l  on heat 
transfer calculations and pyrometry measurements Chemical functional groups responsible for the features of 
the spectral emission are identified but not discussed Well characterized spectral features from coal samples 
are observed and discussed. The intensity of spectral peaks due to chemical functional groups in coal are 
analyzed as a function of particle size and extent of reaction The impact of spectral irregularities on pyrometry 
measurements and heat transfer calculations is evaluated. Featureless regions of the infrared emission spectra 
of coal are also analyzed and compared to graybody behavior. Reliability of pyrometry measurements in these 
regions and effective emissivities of coal particles for heat transfer calculations are discussed. 

INTRODUCTION 

Spectral and total emission characteristics of coal have been reported in the past, with emissivities 
ranging from 0.1 to near unity Several investigators (1-3) have published results indicating that coal is not 
a strong absorber of radiation at infrared wavelengths Values of the imaginary part of the complex index of 
refraction on the order of 0 05 are reported by these authors Other authors report much larger imaginary 
coefficienls, of the order of 0.3 (4-6), indicative of higher abosrbance and emittance of radiation. 

A strong and irregular dependence of emissivity on wavelength would be expected of an organic com- 
pound containing a variety of chemical functional groups, such as coal, if the material is either generally 
transparent or very thin Such results are reported by Solomon and coworkers (3) for particles less than 40 

p m  in diameter, although the size of the particles is not always well defined in their work Commonly available 
infrared absorption and diffuse reflectance spectra of coal samples are consistent with the spectral features 
reported by Solomon However, these features should become indistinguishable from the diffuse background 
absorption as the particle size increases. Solomon noted this trend, but did not define a particle size where the 
spectral features of the emission become insignificant compared to the diffuse background radiation Large 
or highly absorbing particles should show less variation of emissivity with wavelength; they should become 
approximate gray-bodies. 

* Research conducted at the Combustion Research Facility, Sandia National Laboratories, Livermore, 
California, and sponsored by the U.S. Department of Energy through the Pittsburgh Energy Technology Center's 
Direct Utilization Advanced Research and Technology Development Program. 
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The overall emissivity of coal includes diffuse, broadband absorption in addition to peaks associated 
with specific functional groups. The broadband absorption of coal probably arises from electronic excitations 
of li electrons in the graphitic, aromatic bonds in the coal matrix (7-9). These electrons are loosely bound by 
the nuclei, and can absorb radiation over a continuous wavelength region which extends far into the infrared. 
However, the electrons are not entirely free from nuclear attractions, and their emission spectra would not 
necessarily be expected to follow Planck's law. Therefore, even the radiation from coal at wavelengths void of 
any identifiable functional groups may not be gray in its characteristics. 

The literature cited above indicates that the spectral emission of coal particles at sizes of importance 
to pulverized coal combustors (50-150 pm) is potentially nongray and could depend in complicated ways 
on particle size, coal rank, temperature and extent of reaction. However, the emission would be expected 

to behave more like a graybody with increasing particle size, coal rank, temperature, and extent of reaction. 
Although all of the literature suggests that there is some size at which the coal particle emission is nongray, 
no study has been sufficiently definitive to quantify such a size for coals of various rank. 

IMPACT OF NONGRAY COAL EMISSION ON COMBUSTION 

The potentially nongray emission of coal particles impacts combustion in the areas of overall heat transfer 
and in the calculation of particle temperature from pyrometer measurements. An abnormally low emissivity 
due to nongray behavior could impact radiative heat transfer effects and either increase or decrease the rate 
of particle heat up, depending on the wall and particle temperatures and the optical depth of the combustion 
gases. Data collected in experimental and industrial combustors in which radiation is a signficiant contributor to 
the overall heat transfer to the particle may be subject to misinterpretation or error if an inappropriate emission 
spectrum is assumed. A particle emissivity which depends on particle size, coal type, and extent of burnout 
may be required to accurately calculate radiation heat transfer 

The sensitivity of two-color pyrometry to nongray emissions is illustrated in Figure 1 for three sets of 
wavelengths. The effective emissivities of the coal were assumed to be 0.9 and 0.8 at A, and A*.  respectively. 
The same results would apply for any emissivities with a ratio of 9:8 Pyrometry measurements at longer 
wavelengths are more sensitive to nongray emissivities. For example, if the ratios of emissivities are 9% a 
pyrometer operating at 5 and 6 pm would indicate the temperature of a 1500 K particle is over 3000 K and 
that a 2000 K particle would be measured as over 9000 K This sensitivity provides practical motivation for 
determining the spectral emissivities of coal. 

The experimental work reported in this paper analyzes spectral emissivities of various sizes and ranks 
of coal particles using emission FTlR techniques. Discussions of the experiment, the functional groups found 
in the spectra, and the size, burnout. and rank dependence of the findings follow. 

EXPERIMENTAL PROCEDURE 

Figure 2 is an illustration of the experimental equipment and optical layout employed in this study. A 
single layer of sized particles of coal and graphite were placed on a horizontal window of NaCl mounted in an 

aluminum ring. An electric strip heater was wrapped around the mount. The NaCl window was used because 
it can withstand higher temperatures without degradation and has a higher thermal conductivity than other 
windows that are transparent throughout the infrared spectrum. Temperatures as high as 4 0 0 T  are possible 
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with this arrangement, although the temperatures used to obtain the spectra presented in this report seldom 
exceeded 200°C. The heated sample, optics, interferometer, and detector were enclosed in a nitrogen-purged 
container 

All coal samples were obtained from the Pennsylvania State University Coal Bank. The coal samples 
were ground in a nitrogen atmosphere. size classified by sieve trays, and some were dried in a nearly inert 
atmosphere at 305%. Graphite samples were prepared similarly All samples were visually examined and 
some were photographed after they were placed on the window to ensure they were well size-classified and 
formed a single layer. 

The heated sample disc was movable in the horizontal plane, allowing the FTlR instrument to measure 
emission from the coal and from the graphite through the heated window, and from the heated window itself. 
The field of view of the system, calculated from geometric optics, was 6 mm in diameter at the sample plane. 
In practice, a portion of the signal from the edge of the collecting lens was lost, probably due to overfilling the 
detector 

The spectra in this paper were produced by averaging 800 interferograms. each with a resolution of 4 

cm-'. Approximately 5 minutes were required to obtain one spectrum under these condtiions. The large num- 
ber of scans produced a high signal-to-noise ratio over most of the infrared region; peaks were observed with 
sufficient resolution to allow comparison with literature results. The emissivity of the coal ( L ~ )  was determined 
at each wavelength from the following equation: 

where R is the measured intensity (radiance and system response), A is the emitting area, c is emissivity, and 
subscripts s. g, and w refer to sample (coal), graphite, and window, respectively. The numerator in Equation 1 

represents the energy flux emitted by the sample, accounting for background emission from the window. The 
quantity in parenthesis represents the emissivity of the sample relative to the emissivity of the graphite, and 
hence the right-hand side is multiplied by e , .  This approach assumes that fg is constant over the wavelength 
spectrum. The spectral emissivity of the graphite particles was determined by correcting the measured intensity 
(R,) for the system responsivity, the graphite particles exhibit nearly graybody behavior with a total emissivity 
Of 092 

Emission FTlR is subject to interference from atmospheric absorption and emission. This effect was 
minimized in this experiment by measuring the emissivity of a reference body (graphite) of the same size 
and under the same conditions as the coal. This experimental procedure is roughly equivalent to individually 
calibrating the system responsivity for each measurement. Our experience was that this technique, combined 
with Equation 1 ,  yielded spectra of superior quality to the more common approach of determining a single 
fixed system responsivity for several or all of the spectra. 

The emitting areas of the graphite and coal and the transmissivity of the window were determined by 
measuring the extinction of a HeNe laser beam as it passed through a sample. The HeNe beam was expanded, 
and a central portion of the beam with the same diameter as the diagnostic area (6 mm) was used to minimize 
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eriors from gradients in beam intensity. A power meter with a large detection area was used to measure the 
beam intensities and minimize errors due to scattered light 

The particle temperatures were assumed to be close to the window temperature, which were measured 
with a type K thermocouple placed on the window itself in the vicinity of the sample. The temperature at the 
center of the window was typically 5-10 Kelvins lower than that at the edge. However, the samples were located 
equidistant from the window edge to minimize errors due to temperature gradients. The data analysis can be 
completed without specifying the actual temperature so long as the window. coal, and graphite temperatures 
are equal. 

The estimated accuracy of the measured emissivities is i 5 relative percent. The major source of 
uncertainty in the emissivity was the determination of the actual emitting surface area. Although the HeNe 
laser could accurately measure the cross-sectional area of the samples within the nominal 6 mm sample, there 
were indications that a fraction of the signal from this area was not transmitted to the detector. 

FEATURES OF THE COAL SPECTRA 

Figure 3 is typical of the spectra collected in this study, showing the spectral emissivity of 40 pm diameter 
particles of a hvA bituminous coal (Pittsburgh #8, PSOC 1451). Peaks from various functional groups are 
identified in the figure. One small peak, at about 1850 cm-', is not typical of coal and has not yet been 
identified. The remaining peaks agree precisely with published spectra collected with a variety of instruments 
and techniques and validate the experimental procedure described above. Similar spectral features were found 
in the coals of other ranks. The spectra show maximum emissivities Close to unity in regions of functional 
group absorption. The absorption of these peaks is typically high for submicron particles (8) and should not 
decrease with increasing particle diameter 

Some reaction of the coal was observed when the temperature was held above 150°C for 3 hours or 
longer For example, the evolution of a peak at 1850 cm-I is observed over a 2.0 hour period. Other coal 
reactions which were indicated by reductions in peak size include loss of hydrogen-bound hydroxyl and a 
small decrease in the aliphatic carbon. However, consecutive spectra taken within one hour of each other 
showed no losses and were reproducible at temperatures below 170°C In any case, there was no evidence 
that a spectrum changed during the 5 minutes required to collect it. 

DEPENDENCE OF EMISSIVITY ON SIZE, BURNOUT AND RANK 

(The spectral emissivity for 115 pm particles of a Pittsburgh seam (high-volatily A) bituminous coal is 
shown in Figure 4 A comparison of Figures 3-4 shows the dependence of spectral emissivity on coal particle 
size. The peaks are broader, the valleys are higher, and the emissivity in the featureless regions has increased 
for the larger particles, as anticipated. The emissivity of 115 pm particles of this bituminous coal varies from 
0.7 to 1 0 over the range of 500 to 4100 cm-'. 

The spectral emissivities for 115 pn particles of a subbituminous coal and a lignite are shown in Figures 
6 and 7. The Subbituminous sample (PSOC-1445d) is a Western coal from the Blue #1 seam, and the 
lignite sample (PSOC-1507d) is a lignite from the Beulah Zap seam. These coal samples were sieved and 
aerodynamically classified under nitrogen to enhance size classification. These particular samples were not 
dried prior to analysis 

45 



The dependence of emissivity on coal rank can be seen by comparing Figures 5-7. The nongray behavior 
of Ihe lignite is more pronounced than in either of the higher rank coals, with emissivity varying from 0.57 to 
1 0 in the region of the infrared indicated However, little indication of aromatic spectral features is present in 
either of these samples. Interference from water in these undried samples is evident in the spectra 

A spectrum of partially devolatilized bituminous (PSOC 1451) coal appears in Figure 8 This sample 
was prepared by entraining the coal in a 1000 K inert gas stream in a down-fired. laminar flow reactor. The 
proximate volatile content of the parent coal is 40 % on a dry, ash-free basis The weight loss of these samples 
has not yet been measured, but it is estimated that devolatilization was nearly completed when the sample 
was collected. The unreacted coal particles used in this analysis were those used to generate Figure 5. The 
dependence of particle emissivity on coal burnout can be seen by comparing Figures 5 and 8. 

The emissivity of these particles is quite constant at 0 8 at wavenumbers above 1900 cm-I The aliphatic 
and hydroxyl groups, which were emitting strongly in the unreacting coal, appear to have either volatilized or 
reacted to form other compounds However, a weak aromatic peak persists at 3000 cm-i The emissivity of 
the aromatic peaks between 500 cm-' and 1900 cm-I slightly exceeds that of the parent coal, possibly due 
Io the formation of tar. Finally, the emissivity in featureless regions of the spectrum did not change appreciably 
from the parent coal. 

IMPLICATIONS ON PYROMETRY AND RADIATIVE HEAT TRANSFER 

The spectral emissivity shown in Figure 5 can be used to evaluate the potential impact of nongray 
emissions on pyrometry measurements. For example, a two-color pyrometer operating at 3333 and 2500 
cm-' (3 and 4 pm) would overestimate the temperature of a 1500 K particle by 200 K A similar error would 
occur if the pyrometer operates at 3333 and 2000 cm-I (3 and 5 pm). If the pyrometer were operating 
at 2000 and 1667 cm-I (5 and 6 pm), it would underestimate the particle temperature by 700 K. Errors 
in pyrometry measurements due to nongray emissivilies can be minimized by making one measurement at 
a short wavelength (around 1 pm) or increasing the separation between wavelengths, the former strategy 
being more effective than the latter. These trends are shown in Figure 1 However, signal strengths at typical 
combustion temperatures decrease sharply with decreasing wavelength in the near infrared and visible regions, 
requiring a judicious choice between acceptable signal-to-noise ratios and sensitivity to this type of error. 

Total emissivities for use in radiative heat transfer calculation will depend in a complicated way on coal 
rank and on particle size. temperature, and degree of burnout. For high rank coals above 40 pm in size, 
the total emissivity could vary between.0 65 and near 1 0. Lignites have a wider variation in emissivity The 
importance of these variations and the effect they have on heating rate depend primarily on the combustor 
configuration and flow field. In many instances, devolatilization may be completed before the particle reaches 
a high lemperature, and only the optical properties of the residual char affect combustion behavior. 

CONCLUSIONS 

An emission FTlR experimental technique is used to study emission characteristics of coal particles 
Coal particles in the size ranges between 40 and 115 j lm show nongray behavior at wavelengths between 2.2 
and 17 p m  Spectral emissivities of high rank coals vary from 0 7 to 0 98. Spectral emissivities of lignites may 
be as low as 0 5 at some wavelengths. The particles generally are more gray as particle size, rank and extent 
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Of burnout increase The emissivity generally Increases with increasing rank and particle size As burnout 
increases, the particle emissivity can either increase. decrease. or remain constant. depending on the region 
of the spectrum being considered. 

Pyrometry measurements in the 2 2 to 17 pm wavelength interval are subject to errors due to nongray 
effects The errors in temperature measurement vary from a few hundred degrees to many thousands, de- 
pending on the wavelengths chosen Operating one channel of the pyrometer at a short wavelength reduces 
the chance for error. 

The effect of nongray emissions on heat transfer calculations will depend on the particular combustor 
and flow field being used Total particle emissivities range from about 0 6 to 0 95 for 115 pm diameter particles. 
depending on particle temperature and coal rank Smaller particles irom low rank coals have lower emissivities. 
Partially devolatilized samples of bituminous coal emit as gray bodies over a large portion of the infrared 
spectrum, with emissivities of about 0 8. 

REFERENCES 

1 Brewster, M 0 , and Kunitomo, T. "The Optical Constants of Coal, Char, and Limestone,'' ASME Trans 
actions. 706. (1984). 

2. Huntlens, F. J.. and wan Krewelen, D. W., Fuel, 33, (7954). 

3. Solomon, P. R., Carangelo, R. M., Best, P. E., Markham, J. R. and Hamblen, D. G., "The Spectral 
Emittance of Pulverized Coal and Char," Twenty-first Symposium (International) on Combustion, Munich, 
West Germany, 7986. 

4. Foster, P. J. and Howarth, C. R., "Optical Constants of Carbons and Coals in the Infrared," Carbon, 6 

5. Blokh, A., The Problem of Flame as a Disperse System, Halsted Press, (1974) 

6. Cannon, C. G. and George, W. H., Proc. Conf. Ultrafine Structure of Coals and Cokes, BCURA, London, 

7. Berry, R. S., Rice. S. A and Ross, J. Physical Chemistry. Wiley, New York 7980. 

8. van Krevelen, D. W., Coal, Elsevier, 1987. 

9. Berkowitz, N.. The Chemistry of Coal, Elsevier, 7985 

(1 968). 

1944. 

4 7  



TOP vim 
and 

I 
I 

I 

1 " 

48  

1 
i 



1 

1.0 

0.8 

>. 
=. 0.6 
c .- 
.- 
v) 
v) .- 
E 
W 

0.4 

0.2 

0.0 ~ . l l . l . l l , l . l l l , . . . . . I . ( .  

00 1500 2500 3500 
Wavenumber (l/cm) 

__r 

4! 00 

Figure 3. Spectral emissivity of 40 pm hvA bituminous coal (PSOC 1451) at 17loC, identifying peaks associated 
with various coal functional groups 

i 

5 

1.0 
> 
c ._ 
> 0 9  .- 
u) 
u) .- E 0.8 
W 

0 7  

0 6  
500 1 5 0 0  2500 3500 4!  

Wavenumber ( l /cm) 
D O  

Figure 4 Spectral emlsslvlty of 115 pm diameter hvA bilummous coal partcles (PSOC 1451) at 182T 

4 9  



0 7-  

0.6 

1.1 I 

, I.. 

. I I . . . I , , ~ . " . I " ~ " ~ . I ' ' ' ' . "  

1.0 

2- 0.9 .- 
> 
v) 0 . 8  rn 

E 0.7 

.- 

.- 
W 

0.6 

0 . 5  
5 0 0  1500 2 5 0 0  3500 4 !  

Wavenumber (l/cm) 
Figure 6 Spectral emissivity of 115 pm diameter lignlle particles (PSOC 15074) at 190°C 

00 

500 1500 2500 3500 4500 
Wavenumber ( l /cm) 

Figure 7 Spectral emissivity of 115 prn diameter hvA bituminous coal particles (PSOC 1451) 
partial devolalilization at 1000 K 

50 

at 182°C alter 

I 

1 

1 

! 



The Significance of Transport Effects in Determining 
Coal Pyrolysis Rates and Yields 

Eric M. Suuberg 
Division of Engineering 

Brown University 
Providence, R . I .  02912 

INTRODUCTION 

The recent search for robust but mathematically simple models of coal 
pyrolysis has led to many significant advances in the area of modeling the wide range of 
chemical reactions responsible for many key phenomena (gas release, tar formation). It 
has also become clear that transport phenomena cannot be disregarded in such models. 
There has emerged a debate concerning the role of heat transfer and various mass 
transfer processes in determining both the overall timescales of pyrolysis, and the 
compositions of products from these processes. Many of the earlier theories concerning 
the role of transport processes in coal pyrolysis were reviewed in various recent 
publications (Howard, 1981; Gavalas,1982; Suuberg.1985). It seems appropriate in the 
context of this symposium to review some recent developments and conclusions. 

T OF PEQLXSLS 

It is instructive to consider exactly what is meant by the term "heat of 
pyrolysis". This term has been used in many different ways by many different workers, 
and as a result there is some confusion about the magnitude of the term and whether it 
even warrants inclusion in any particular analysis. The various possible components of 
the heat of pyrolysis are: 

1. The sensible enthalpy of heating the coal and its 
decomposition products to a particular temperature. 

2. The enthalpy of the actual decomposition reactions. 
3 .  The heat of vaporization of any condensed phase 

decomposition products that ultimately escape the particle 
by evaporation (i.e. not all tar molecules evaporate 
immediately when formed in the coal- they must diffuse 
first to a surface at which they can evaporate). 

Some species essentially evaporate as they are formed (e.g. C02), and it is customary to 
lump the heat of evaporation and heat of reaction into a single term (the enthalpy of 
reaction) in those cases. Under the conditions of relevance in coal pyrolysis, only in 
the case of formation of the heavy tars will the distinction between steps 2 and 3 above 
be important. 

between the contributions of items 1 and 2 to the heat of pyrolysis. Few workers have 
tried to distinguish between all three effects. Many of the experiments upon which 
estimates of the heat of pyrolysis are based simply are not designed so a s  to permit the 
distinctions to be drawn. for example, a calorimetric experiment in which a sample is 
pyrolyzed in the interior of a calorimeter (Davis,1924) will not take into account the 
heat effect due to item 3 above-in addition to the recondensation of tars inside the 
calorimeter, one will also have to generally contend with condensation of water and 
lighter oils as well. The corrections due to such condensation effects (which are 

Most, though not all workers in the field, have sought to distinguish 
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generally unlikely in actual pulverized gasification or combustion processes) may be 
difficult to make, even if the composition of the products is known. Other types of 
experimental systems have not lent themselves well to separation of sensible enthalpy 
and reaction enthalpy effects.Much of the difficulty derives from the fact that the 
enthalpy effects due to reaction and evaporation processes are small, and of the same 
order of magnitude as sensible enthalpy effects. 

of pyrolysis is small enough to neglect. These workers however pointed out several 
important facts: 

1. The net heat of pyrolysis varies quite a bit with rank 
2. The heat of pyrolysis that will be reported from any 

experiment depends upon the conditions under which 
pyrolysis is performed. 

involve a series of endo- and exotherms which sum to the 
total heat of pyrolysis. 

The work of Davis and Place(1924) is often cited as evidence that the heat 

3. Related to the above, the heat effects of pyrolysis 

Davis and Place reviewed some earlier relevant literature that suggested many of the 
same uncertainties that are cited today--the variabilty of apparent heats of pyrolysis 
was large, with values ranging from 1060J/g endothermic to 837J/g exothermic.In their 
own calorimetric work, Davis and Place found apparent enthalpies of reaction that were 
in all cases less than 400J/g endothermic. The lower ranks of coal were observed to 
exhibit the largest endothermic reaction enthalpies, when a correction was applied to 
take into account the latent heat of condensation of water. Higher temperatures seemed 
to promote the occurrence of more endothermic processes, 
to the gaseous environment (Davis, 1924). It is important to note that this work 
involved slowly heated samples, pyrolyzed at low temperatures. No corrections were 
included for the latent heat of evaporation of tars. It is not clear how reliably these 
results can be extrapolated to the higher temperature and heating rate conditions of 
pulverized coal processing. 

differential scanning calorimetric techniques ( D S C ) .  They obtained qualitatively similar 
results to those of Davis and Place, in that their enthaplies of pyrolysis ranged from 
about 8OJ/g exothermic to 250J/g endothermic. 

Burke and Parry (1927) provided a different viewpoint to the study of this 
problem. They distilled coals to 810K in an open retort, such that all the tar that was 
evolved from the bed could escape in the vapor state, and thus at least some 
contribution of a latent heat of tar evaporation was included. Also, they did not 
separate out sensible enthalpy effects from reaction enthalpy and latent heat effects in 
their experiments. The net heat consumed by a Colorado subbituminous coal was 1109J/g, 
while a Pittsburgh high volatile bituminous coal consumed 946Jlg. An attempt was made by 
the authors to factor out the contribution of sensible enthalpy, and they concluded that 
the values of 16Jlg (Pitt. coal) and 198J/g (Colo. coal), both exothermic, were in 
reasonable agreement with the results of Davis and Place (not including latent heat 
corrections). These values demonstrate very well the difficulty that will be encountered 
in any attempt to factor out sensible enthalpies by calculation--the values are 
sufficiently large compared to the reaction enthalpy terms that the calculations cannot 
be considered reliable, except to provide an order of magnitude estimate. 

A number of subsequent attempts have been made to estimate the heats of 
pyrolysis, including the sensible enthalpy terms. The work of Kirov (1965) has led to a 
correlation for the heat of coking: 

Q(J/g)-343+1.20T 
where T is the temperature of coking in centigrade (see also Sharkey and 
McCartney,l981). The work of Lee (1968) suggests a similar correlation: 

as did the addition of hydrogen 

Some years later, Mahajan et al.(1975) studied the same problem using 
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Q(J/g) =[O. 728+8.2B~lO-~T+ (1.38+2.30~10-~T)VI (T-21) 
where V is the volatile matter content of the coal. Using either method yields fair 
agreement with the earlier cited data of Burke and Parry, though obviously the first 
correlation's use is restricted to coking coals. The success of such simple correlations 
must again be ascribed to the fact that sensible enthalpy terms dominate the estimates. 

(1971), who imply that there is a distinct heat of vaporization which has to be supplied 
in order for volatiles to escape. The value cited in that work is 627.9J/q of coal, and 
is'based upon the authors' own experiments. This value is considerably higher than most 
estimates of the heat of reaction, and most estimates of the latent heat of tar 
volatiles evaporation. It is difficult to obtain data on the latent heats of 
Vaporization of the heavy tars of interest in coal pyrolysis. Briggs and Popper (1957) 
proposed a correlation for the latent heat of vaporization of "tar oils'' which has the 
form: 

AHv(J/g)=S20 (485.8-0.598Tb) 
where S2o is the specific gravity of the tar at 2OoC and Tb is its boiling point in K. 
The difficulty in using this correlation for  coal tars is that their boiling points are 
not well known. To address the need for estimates of tar vapor pressures, Unger and 
Suuberg (1983) developed a crude correlation as a function of molecular weight alone, 
based on limited data on the vapor pressure of ring compounds with sidechains: 

where M is the molecular weight of the tar, T is the temperature in K.A "typical" tar 
molecular weight of 600 (see Unger and Suuberg.1984) would be estimated to have 
Tb-1250K. This is clearly outside the range of applicability of the above correlation. 
Instead, applying the Clausius-Clapeyron equation to the vapor pressure equation itself 
yields 

AHv(J/g) = 2120M-o.414 
Another similar analysis by Homann(1976) yields: 

AHv (J/g) - 1960M-O .34 
These correlations give estimates for a typical tar species of 600 molecular weight of 
AHv=150 to 215J/g.To compare this value to earlier cited estimates of heats of 
pyrolysis, one can note that tar yields represent typically no more than 1/4 to 1/3 the 
mass of a particle; thus the latent heat of tar evaporation is a sink of order 70519 
coal if all tar had M=600. A lower assumed molecular weight does not change the 
conclusion much--e.g. M=200 gives a latent heat requirement of about 1OOJ/q coal. Thus, 
the latent heat term is of the same order of magnitude as the measured heats of 
pyrolysis reported earlier. 

there are so many possible contributing processes. Attempts at estimation of this term 
by measurement of pyrolysis products, and then comparing heats of combustion of starting 
material and final products have been difficult (one such attempt is described in 
Suuberg et a1.,1978). All that can be said as a result of these efforts is that at high 

apply. Recent experiments in which the temperature response of a coal-loaded, 
electrically heated wire grid is carefully examined seem, upon rough calculation, to 
support the earlier estimates of the magnitude of the heat of pyrolysis as well 
(Freihaut and Seery, 1983). 

The above viewpoint is apparently at odds with that of Baum and Street 

Po (atm) =5756exp(-255M. 586/T) 

Estimation of the reaction enthalpy term is also quite difficult, because 1 
t 
'r 

i 
I , heating rates (1000K/s), the general conclusion of near-thermoneutrality seems to still 

P 
It appears, then, that the weight of evidence still favors the viewpoint 

that the heat of pyrolysis is dominated by sensible enthalpy requirements for heating 
the particle to reaction temperature, and that the reaction enthalpy requirements and 
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l a t e n t  h e a t  requi rements  a r e  both  modest ( n o t  more t h a n  1 / 4  t o  1 / 2  of  t h e  t o t a l ) .  This 
means t h a t  t h e  c l a s s i c a l  a n a l y s i s  of h e a t  conduction i n  a s o l i d ,  i n  which t h e  r e a c t i o n  
en tha lpy  and l a t e n t  h e a t  e f f e c t s  a r e  neglec ted ,  s t i l l  appears  reasonable .  Under t h e s e  
circumstances,  t h e  c h a r a c t e r i s t i c  t i m e  f o r  d i f f u s i o n  o f  h e a t  i n  t h e  absence of r e a c t i o n  
h e a t  e f f e c t s  is :  

tH =O (?/a) 
where r is t h e  p a r t i c l e  r a d i u s  and a t h e  thermal  d i f f u s i v i t y  of t h e  p a r t i c l e ;  t h e  l a t t e r  
i s  tempera ture  dependent,  b u t  of o r d e r  1 ~ 1 0 - ~ c m ~ / s  a t  low tempera tures  (Badzioch et 
a1.,1964).  The t i m e s c a l e  f o r  p y r o l y s i s  r e a c t i o n  may be d e f i n e d :  

Natura l ly ,  t h e  absence  of  hea t  t r a n s f e r  l i m i t a t i o n s  d u r i n g  r e a c t i o n  i s  assured  by 
tR>>tH, or, approximate ly :  

This  is s i m i l a r  t o  t h e  c r i t e r i o n  suggested by Gavalas (1982) .  The s e l e c t i o n  of A and E 
has  a s i g n i f i c a n t  effect on t h e  conclus ions ,  however. A conserva t ive  approach might 
involve  s e l e c t i o n  of t h e s e  parameters f o r  t h e  f a s t e s t  r e a c t i o n  of i n t e r e s t .  This might 
be, f o r  example, t h e  i n i t i a l  CO2 evolu t ion  r e a c t i o n s  i n  p y r o l y s i s  of l i g n i t e s ,  f o r  which 
A=2.1x1011s-1, E=15lkJ/mol (Suuberg e t  a l . ,  1978) .  S e l e c t i n g  a s  an  a r b i t r a r y  ambient 
tempera ture  1650K, h e a t  t r a n s f e r  l i m i t a t i o n s  a r e  a p p a r e n t l y  n o t  important only if 
r<O.O5pu! For a tempera ture  of  1200K, r<0.4pm. These r a d i i  a r e  cons iderably  s m a l l e r  than  
t h o s e  c a l c u l a t e d  by Gavalas,  and serve  t o  i l l u s t r a t e  t h e  importance of t h e  choice  of 
k i n e t i c  c o n s t a n t s  i n  such ana lyses .  Recognizing t h a t  c o a l  p y r o l y s i s  involves  a broad 
spectrum o f  r e a c t i o n s ,  each  w i t h  i t s  own k i n e t i c  parameters ,  t h e  so-ca l led  d i s t r i b u t e d  
a c t i v a t i o n  energy  models have been developed. If one u s e s  a mean a c t i v a t i o n  energy t o  
obta in  a c h a r a c t e r i s t i c  t i m e s c a l e  f o r  a p y r o l y s i s  r e a c t i o n s ,  t h e  conclus ions  change 
markedly. For example, Anthony e t  a l .  (1975) r e p o r t  t h a t  f o r  p y r o l y s i s  of a l i g n i t e ,  t h e  
mean v a l u e  of  E i s  204kJ/mol, A = 1 . 0 7 ~ 1 O ~ ~ s - ~ .  With t h e s e  k i n e t i c  parameters,  such a 
t imesca le  a n a l y s i s  s u g g e s t s  t h a t  a t  1200K, ri30pn i s  s u f f i c i e n t  t o  a s s u r e  t h e  absence of 
h e a t  t r a n s f e r  l i m i t a t i o n s .  It i s  a l s o  apparent t h a t  t h e  c h o i c e  o f  temperature has  an 
e f f e c t  on t h e  conclus ions  reached above. It may l e g i t i m a t e l y  b e  asked i f  t h e  use of t h e  
ambient tempera ture  as t h e  c h a r a c t e r i s t i c  tempera ture  may not be t o o  conserva t ive ,  s i n c e  
t h e  p a r t i c l e  may be w e l l  below t h i s  tempera ture  dur ing  much o f  t h e  p r o c e s s .  This a s p e c t  
w i l l  be c l a r i f i e d  below. 

Another a n a l y s i s  t h a t  has  been sugges ted  as a method of  determining whether 
h e a t  t r a n s f e r  l i m i t a t i o n s  a r e  s i g n i f i c a n t  i s  t h a t  due t o  F i e l d  e t  a l . ( 1 9 6 7 ) .  In  t h i s  
ana lys i s ,  t h e  magnitude of t h e  temperature g r a d i e n t  i n  a p a r t i c l e  is examined ( g e n e r a l l y  
t h e  c e n t e r  of t h e  p a r t i c l e  is  c o o l e r  than  t h e  ambient ) .  The magnitude of  t h e  s u r f a c e  t o  
c e n t e r  tempera ture  g r a d i e n t  is, conserva t ive ly :  

where q i s  t h e  s u r f a c e  hea t  f l u x  and k t h e  thermal c o n d u c t i v i t y  of  t h e  p a r t i c l e .  For a 
l o o p  p a r t i c l e  be ing  r a d i a t i v e l y  hea ted  i n  a 1650K environment, t h e  maximum value  of q 
i s  roughly 40W/cm2. Taking a t y p i c a l  k=2.5~10-~W/cm-K (Badzioch et a1 . ,1964) ,  t h e  
maximum AT is c a l c u l a t e d  t o  b e  roughly 40K. F i e l d  et a l .  ci te t h i s  as evidence t h a t  
pu lver ized  f u e l  p a r t i c l e s ,  which a r e  g e n e r a l l y  less than  l o o p  i n  d iameter ,  may be taken  
a s  e s s e n t i a l l y  s p a c i a l l y  i so thermal .  For any p a r t i c l e  t h a t  does have an i n t e r n a l  
tempera ture  g r a d i e n t ,  t h e  r e l a t i v e  r a t e s  of p y r o l y s i s  a t  i t s  s u r f a c e  and c e n t e r  may b e  
es t imated  from: 

tR =o [A e x p ( - ~ / ~ ~ ) ~ - l  

r < [ O . l a  exp(E/RT) /AI-' 

AT =rq/2k 

ks/kc = exp[  (l/Tc-l/Ts)E/R1 -exp[ATE/RTSZl 
where t h e  k ' s  a r e  r a t e  c o n s t a n t s  and t h e  s u b s c r i p t s  c and s r e f e r  t o  c e n t e r  and s u r f a c e ,  
r e s p e c t i v e l y .  For E=15lkJ/mol and t h e  above AT=4OK, a p p a r e n t l y  t h e  r a t i o  i s  1 .65  a t  
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Ts=1200K o r  1.3 at 1650K. Thus the rates throughout the particle are reasonably 
constant. The ratio increases with increasing E and decreasing Ts, but even if 
E=204kJ/mol and Ts=1200K, the ratio is but 2. Thus the rates at the surface and center 
of the particle are both of the same order of magnitude in such a case. 

conclusions about the importance of internal heat transfer limitations for particles in 
the 30-100p size range. This is symptomatic of the confusion that exists concerning the 
role of heat transfer in pyrolysis. The resolution of the apparent conflict comes in 
closer examination of the criteria for heat transfer control.It was noted above that the 
use of the ambient temperature in the calculation of characteristic times for reaction 
was unduly conservative. The more reasonable approach involves examining the timescales 
for pyrolysis of both the center and the surface of the particle, given an estimate of 
the actual AT in the particle. Only if the latter quantities differ significantly is 
there an important internal heat transfer limitation. 

role of sxternal heat transfer limitations. For the purposes of illustration, 
that pyrolysis can be modeled as a simple first order process with a rate: 

dM/dt=-A M exp(-E/RT) 
where M is the mass of unpyrolyzed material remaining at time t. Further, assume that 
the particle heats up at a linear rate dT/dt=B, then it has been shown numerous times 
that it is possible to approximately integrate the rate expression above to obtain 
conversion (l-M/MO) as a function of maximum temperature achieved (T,): 

The two different methods of analysis apparently yield contradictory 

There has also been some confusion caused by imprecise discussion of the 

(l-M/MO) =exp(-A exp(-E/RT,) [tit8Tm2/EBl) (Eqn. A) 
where ti is the time of any isothermal period during which the particle is held at T,. 
Since the conversion as a function of time is determined by B, which in turn is a 
function of external heat transfer rate, this has in some cases been interpreted as an 
example of an "external heat transfer limitation". But it should be noted that chemical 
kinetics do indeed play a role in determining the time necessary to achieve complete 
conversion. Also, the case in which B is infinite can be recognized as the familiar case 
of complete chemical rate control. 

COAL DEVOLATILIZATION 

uniformlv heated at a constant rate B(K/s) must be given by: 

where d is the particle diameter. Assuming B=1000K/s, d=75p, and previously cited 
values, q=3.1W/cm2, which implies that AT-2.4K. Thus the particles are essentially 
uniform in temperature and the many experiments on pulverized particles heated at these 
rates (common for heated grids) would be expected to be governed by the nonisothermal 
kinetic expressions of the form of eqn. A. These experiments then do indeed yield 
information on true kinetics. 
conditions, AT- 430K, and the interpretation of the results in the same terms is 
questionable at best. 

a temperature gradient of about 24K, given the present assumptions. At a surface 
temperature of 1000K. the rate of a pyrolysis reaction with 2lOkJ/mol activation energy 
would be 1.8 times as high on the surface as in the center of the particle. However, it 
should be noted that about 60% of the mass of the particle is within lOpm 
surface. At a depth of 10pm, the temperature will lag that of the surface by only 12K, 
and the reaction rate will be only 35% lower. Such small differences in rate would 
normally not be apparent within the uncertainty of measurements in such high heating 

From a simple heat balance, the surface heat fiux to particles being 

q = dpcpB/6 = dkB/6a 

If particles of lmm are examined under the same 

At a nominal average heating rate of B=104K/s, 7 5 p  particles would support 

of its 
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rate experiments. 
Only at particle average heating rates of 105K/s and above do internal heat 

transfer limitations become important for typical pulverized-size particles. The surface 
heat fluxes implied by such heating rates are 300W/cm2 for 75 p n  particles, and 
temperature gradients of order 240K may be expected, based on the above analysis. It is 
then not surprising that at such fluxes (produced by laser radiation), Hertzberg and Ng 
(1987) observed a particle diameter effect on devolatilization half-life, with particles 
in the range 51-105~.  At 100W/cm2 irradiation, the effect of particle size was seen to 
be very small. 
~ ? 3 % % % o W / c m 2  flux), h h  
€or the t e m . D o r a l t v  of the Drocess le.9. equations of the form of A), 

At higher fluxes, pyrolysis is expected to exhibit the observed "wave" 
character, in which the onset of reaction coincides with penetration of the thermal wave 
into the coal. The temperature of the wavefront is easily predicted from equation A, 
setting ti=O and assuming for example that the appearance of the wavefront coincides 
with about 50% conversion for the most facile reaction (kinetic parameters cited earlier 
for such a reaction were A=2.11x1011s-1, E=lSlkJ/rnol). For a heating rate B-105K/s, the 
calculated Tm=960K is the apparent wavefront temperature. For B=1O4K/s. which would 
yield pyrolysis wave behavior only in "large" particles according to the above analysis, 
the apparent wavefront temperature is calculated to be about 870K. in good agreement 
with the observations of Hertzberg and Ng. 

It may be concluded further that for high fluxes or large particles, that 
the standard Arrhenius kinetic expressions, combined with standard heat transfer 
analysis, are sufficient to describe the rate of pyrolysis, without the need to resort 
to the concept of a "decomposition temperature". As shown above, such a temperature 
would be a function of heating rate and reaction kinetics, and thus not a fundamental 
quantity. 

coal are still hampered by the lack of good thermodynamic and transport data on these 
systems. Even if the data on heats of reaction and latent heats were available, 
construction of a robust heat transfer model would have to wait for simultaneous 
development of a mass transfer model, since the location of evaporative tar loss (and 
thus the associated heat sink) would not necessarily coincide with the location of the 
reaction front in the coal. 
.THE-EOLE OF MASS TRANSFER 

There has recently appeared an extensive review on modeling of mass 
transfer limitations in coal pyrolysis (Suuberg,l985), and this material will not be 
repeated here. Since the publication of that review, there have been a number of 
developments in understanding the processes involved, and these will be briefly 
summarized. As usual ,  a distinction is drawn between processes that are mainly of 
relevance in softening coals, and those that occur in the porous structure of 
non-softened coals. 

. .  t for tv ' 

rate exDression that accounts 

v accounting for 1- 
, .  . 

More detailed analyses of the combined heat transfer-reaction processes in 

r in So- 
A major unresolved issue is that concerning the handling of bubble 

transport of volatiles, and whether it plays the dominant role in determining tar yields 
during pyrolysis. It has been shown that models which involve transport of volatiles out 
of the coal through bubbling-type behavior can indeed capture many essential features of 
the process (Lewellen,1975;0h et a1.,1983,1984). However, it has also been shown that a 
simple model in which liquid phase diffusion controls the rate of escape of tars might 
also explain the tar yield data equally well for pulverized particles (Suuberg and 
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Sezen, 1985). Thus it is not yet clear what role the bubbles must play in transporting 
tars. Further work on this lattir model has, not surprisingly, revealed that liquid 
phase diffusion is most likely not fast enough to explain tar yields from particles much 
larger than about lOOpn, under high heating rate conditions. Consequently, the evidence 
favors at least some role of bubbles in helping remove the tar from the particles, since 
no other convective mechanism is evident. A new, semi-empirical model of bubble 
transport has recently been proposed. 

are carried out in small bubbles that are nucleated by light gaseous species and oils. 
Solomon (1987) proposes an analogy of cups on a conveyor belt-each cup can carry out a 
certain amount of tar, as determined by the saturation vapor pressure of the tar. The 
effect of pressure on tar yields is seen through the effect on the size of the cups-the 
higher the pressure, the smaller the cup, and the less tar it transports. The smaller 
the rate of tar transport out via the cups, naturally the longer the residence time of 
tars in the particle, and the greater the opportunity for yield reducing cracking/coking 
reactions. More formally, each bubble is assumed saturated with respect to all tar 
species present in the surrounding liquid. Assuming ideal vapors and liquid solutions, 
the total number of moles of a tar species of molecular weight Mi in a bubble is: 

This new model of bubble transport of tar volatiles proposes that the tars 

ni = PiVb/RT - Pioxi(vg+Zvj)/RT 
where v is a volume, with the subscript b referring to the whole bubble, g referring to 
the fixed gases in the bubble, and j to the volume contribution of the tars themselves. 
The quantity xi is a liquid phase fraction of species i and Pio is its vapor pressure. 
The of escape of the tar species i 1s governed by the rate of escape of bubbles 
from the particle, which is given, at constant pressure, by the total volumetric rate of 
escape of bubbles: 

where Ni is the same as ni multiplied by the total number of bubbles that escape, and Vt 
is the total volume of all volatiles, which is related by the ideal gas law to the total 
number of moles of volatiles, Nt. 
The implied inverse pressure dependence of the rate of tar escape is the same as was 
previously noted based on another model-one in which film diffusion controls the rate of 
tar escape (Suuberg et a1.,1979,1985; Unger and Suuberg,l981). In that model, the rate 
of tar escape was given for a particle of radius R by: 

where the inverse pressure dependence is implicit in the vapor phase diffusion 
coefficient of tar in the gas film around the particle (D).Either model will predict a 
variation Of molecular weight distribution with pressure (see Suuberg et a1.1985). 

Solomon (1987) has noted that the rate of escape of the bubbles from the 
coal should be linked to the size of the particle, the viscosity of the coal melt (p), 
and the pressure difference between bubble and ambient (AP). The latter effect is 
proportional to dNt/dt, leading to the following suggested empirical form for the rate 
of tar escape: 

dNi/dt = (PiOxi/RT)dVt/dt = (pioxi/Ptot)dNt/dt 

The pressure Ptot is the prevailing ambient pressure. 

dNi/dt = 4nt7DxiPio/RT 

dNi/dt=(clPi'xi/RPtotP) (dNt/dt) [1/ (Ptot+AP) 1 
=(clPioxi/RPtotP) (dNt/dt) (11 [Ptot+c2 (dNt/dt) I 1 

As of this writing, equations of this form are being tested. - 
There has been relatively little new work in this area since it was last 

reviewed, except that the standard pore transport analysis has been extended to account 
for temporal nonisothermality (Bliek et a1.,1985). This area awaits further work on the 
question of how pressures affect yields of tar volatiles in non-softening coals. It 
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seems clear that pressure affects the rate of convection and diffusion. But is this in 
turn affecting tar yields by virtue of an impact on the residence times of vapor phase 
species in pores (affecting the residence time for vapor phase cracking/coking) or by 
virtue of an impact on evaporation rate of tar species (affecting the residence time for 
condensed phase cracking/coking)? It also appears necessary to clarify what role if any, 
is being played by microporous transport, under reactive conditions. The distinction 
between micropore transport and bulk diffusion remains hazy. 
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DIFFUSIONAL CONTRIBUTIONS TO VOLRTILE RELEASE IN PYROLYZING COAL PARTICLES 

Whendra K. Miara and Robert H .  Esaenhigh 

The Obi. S t a t e  Ilniv.?i-sity 
Ee?epartmer.t of Xechanical Er:gineering 

206 We:;? l-qth Avenue 
Columbus, C3io 43710 

sD!!m!Lx 
Unsteady s t a t e  c a l c u i a t i s n s  of pyrolyzinc; coa l  ?epar:ic:es uzder slow snd r a p i d  

hea t ing  have been compared wi th  experimental  &?a f o r  p a r t i c l e s  i n  t h e  size r snge  20 
microns t a  4 am.; and the  compsr n h&s shown, con t r a ry  t.3 i a ~ n o n  assumpti:.n, t h a t  
t h e  diFfusic.na1 escape i s  an impartant  f a i t o r  i n  determininc t h e  p y r o l y s i s  times far  
a i l  p a r t i c l e  siz.5. Py ro lys i s  t imes fcr : a r t i c l e s  g r e a t e r  chan 5C10 microns ran2e 
from 0.1 t o  10 sec: s::3 for p a r t i c l e s  l e s z  than 102 Xicrons ranpe f-;m 0.05 ti. .?.E. 
s r c  u i t h  an  unaspected ove r l ap  i n  t imes.  ?.'.is c.verlap is accwnted  for L:; assuminq 
t h a t  the d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  rscapinq v o l a t i l e ?  a r e  about 100 t imes 
g r e a t e r  (o rde r  o f  l0-'cp2/sec) .for t h e  l a r g e r  p a r t i c l e s  . t h a n  for  the  sma l l e r  
p a r t i c l e s  ( o r d e r  of 10-"cnL/sec!.  This  r e s u l t  r a i s e s  t h e  ques t ions  regarding pu re ly  
k i n e t i c  i n t e r p r e t a t i o n s  of py ro lys i s  r a t e  d a t a  fo r  nail p a r t i c l e s .  

1. INTRODUCTION 

In t h i s  paper w e  present  :omparison t.etween calcuzated and experimental  v a l u e s  
o f  py ro lys i s  : ines i n  the  p a r t i c l e  s i z e  range 20 microns tz 4 mi l l ime te r .  ?he 
experimental  d a t a  were taken from t h e  l i t e r a t u r e  C 1 - 1 7 1 .  The c a l c c l a t i o n s  at-* based 
on an  unsteady s t a t e  heat t r a n z f e r  model. with escape of v o l a t i l e s  a f t e r  chemical 
r e l e a s e  i n s l d e  t h e  p a r t i c l e  cont.rolled,  we assume, by d i f f u s i a r , a l  o r  convect ive 
escape. The model and a number of ot!ier r e s u l t s .  notably Lemperature-time 
d i s t r i b u t i o n  through a p a r t i c l e  and p r o f i l e s  of py ro lys i s  r e l e a s e  r a t e s ,  have been 
descr ibed e a r l i e r  [18,1?3. I n  t h i s  paper ,  we surrmarize t h e  elements G f  t h e  mcdel, 
t he  equat ions and computational procedures;  Focus h e r e  i s  rJn the  con t r ibu t ion  s f  the 
d i f f u s i o n a i  escape. 

In  pas t  e v a l u a t i x  of p y r o l y s i s  s t x d i e s ,  i t  has  gene ra l ly  teen concluded t h a t  
escape of py ro lys i s  products  fr-om p a r t i c l e s  below about 100 microns i s  so f a s t  a s  to 
b e  e f f e i t i v e l y  " instantaneous".  This  c o n c l u s i m .  however. i s  not I n  f a c t  supported 
by vali les of py ro lys i s  t imes i n  :he l a r g e r  da t a  j a s e  now ava i l ab le ;  and, as  we s h a l l  
show ir. t h i s  zaper ,  we have on ly  been a b l e  to  o b t a i n  aood agreement between the 
experimental  va lues  and our p red ic t ions  f o r  t h e  t imes,  and t h e i r  v a r i a t i o n s  u i t h  
diameter .  when a s i g n i f i c a n t  d i f f u s i o n a l  escape f a c t o r  i s  included i n  the  
c a l c u l a t i o n s ,  even f o r  p a r t i c l e s  a s  m a i l  a s  3% microns. T h i s  r e s u l t  c l e a r l y  r a i s e s  
ques t ions  regarding t h e  purely k i n e t i c  i n t e r p r e t a t i o n s  of py ro lys i s  r a t e  d a t a  f o r  
small  p a r t i c l e s  p re sen t& i n  t h e  pas t .  

A d a t a  base cons i s t inv  of t o t 6 1  py ro lys i s  t imes under d i f f e r e n t  cond i t ions  
from the  l i t e r a t u r e  was compiled for  compariscmn wi th  c u r  predicted va lues  of t imes 
and t h e i r  v a r i a t i o n  with p a r t i c l e  s i x .  The experimental  methods used included 
(mos t ly )  Drop-tube and or Heated-grid experiments,  c a r r i e d  out i n  i n e r t  atmospheres;  
and from experiments performed i n  t h e  presence of ox id iz ing '  atmospheres (most ly  
flame experiments) .  A summary of t h e  da t a  along with t h e  i n v e s t i g a t o r s  and the  
na tu re  of experimentat ion is g iven  i n  Tables 1 and 2 and i n  Figure 1. 

I n  t h e  majori ty  a f  the measuregents on cap t ive  p a r t i c l e s  E 1 1  (650 v a l u e s )  c o a l  
p a r t i c l e s  were cemented t o  s i l i c a  f i b e r s  and burnt between two e l e c t r i c a l l y  heated,  
F l a t  s p i r a l  c o i l s .  The burning t imes of t h e  v o l a t i l e s  were determined using a PE 
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ce l l ,  and t h e s e  t imes were assumed to  be equal  t o  the  py ro lys i s  t imes.  The 
experiment was c a r r i e d  out f o r  10 d i f f e r e n t  c o a l s  H i th  p a r t i c l e  s i z e s  i n  each case  
ranging from about 700 microns to 4 mi l l ime te r s .  For each coa l  type,  t h e  py ro lys i s  
t i m e  and t h e  p a r t i c l e  s i z e  could be r e l a t e d  Sy t h e  expression 

The va lues  of L and n a r e  l i s t e d  i n  Table 2: i t  can be seen t h a t  t h e  va lues  of K 
a r e  about 100 c.g\ls u n i t s ,  and t h e  index n i s  about 2 .  A s i m i i a r  r e s u l t  was ob ta ine8  
by Kallend and Ne t t l e ton  E21 i n  a similar experiment,  but with t h e  p a r t i c l e s  mounted 
on thermocouples. F igu re  1 shows t h a t  t h e  r e s u l t s  of t h e  two experiments a r e  i n  
c lose  agreement. Other  d a t a  a r e  fo r  p a r t i c l e s  smaller than  ZOO microns and have been 
taken most ly  from some of t h e  Drop-tube, Heated-grid,and flame experiments.  The 
py ro lys i s  times i n  t h e s e  c a s e s  have been def ined a s  t h e  time period between t h e  1% 
and 99% loss by weight of t he  u l t i m a t e  y i e l d  of V o l a t i l e  Matter.  The da ta  co l l ec t ed  
a r e  for heat ing r a t e s  ranging from l o 3  t o  10’ deg.K/sec. 

F i g u r e  1 shows an  unexpected ove r l ap  i n  t h e  p y r o l y s i s  t imes between t h e  l a r g e r  
p a r t i c l e s  below 100 microns,  and t h e  smaller  of t h e  cap t ive  p a r t i c l e s  above 700 
microns. A cont inuous curve from a s i n b l e  equat ion passing approximately through a l l  
d a t a  s e t s  would be a dog-leg,  which i s  unexpected. Also unexpected i s  t h e  appa ren t ly  
s t rong dependence o f  p y r o l y s i s  t imes on diameter  below 100 microns, con t r a ry  t o  t h e  
common b e l i e f .  It i s  t h e s e  two aspec t s  of behavior ,  i n  p a r t i c u l a r ,  t h a t  we a r e  
addressing i n  t h i s  paper.  

3. PHYSICAL 

The model i s  t h a t  o f  a p a r t i c l e  plunged i n t o  an  enclcsiire whose Temperature i s  
r i s i n g .  Heat t r a n s f e r  can be j o i n t l y  by conduction ( convec t ion )  and by r a d i a t i o n .  
The c a l c u l a t i o n s  show t h a t ,  i n  t h e  case  e f  t h e  cap t ive  p a r t i c l e s ,  r a d i a t i o n  on ly  
dominated over  conduct ion f o r  p a r t i c l e a  g r e a t e r  t han  2 mil l ime te r s .  The behavior i s  
an  unsteady s t a t e  so t h a t  temperature  nun-uniformit ies  can exist through t h e  
p a r t i c l e s ,  r e s u l t i n g  i n  v a r i a b l e  r a t e s . o f  p y r o l y s i s  a t  d i f f e r e n t  points .  Escape of 
t h e  products  is t r e a t e d  phenomenologically a s  a d i f f u s i o n a l  process ,  e i t h e r  a c t u a l ,  
and dependent on concen t r a t ion  d i f f e r e n c e s ,  or e f f e c t i v e ,  where t h e  a c t u a l  d r i v i n g  
fo rce  may be p r e s s u r e  d i f f e r e n c e s .  Cne o b j e c t i v e  he re  i s  t o  e s t a b l i s h  t h e  a c t u a l  or 
apparent d i f f u s i o n  c o e f f i c i e n t s  required t o  account f o r  t h e  experimental  r e s u l t s  as  
t a r g e t s  f o r  f u r t h e r  mechanis t ic  a n a l y s i s  using approximate pore and po re - t r ee  
models. 

4. M?iATHPIATICAL MODEL 

4 . 1  Governinq Equations: 

Heat Transfer :  For a p a r t i c l e  i n  a thermal  enclosure,  t h e  dimensionless  equa t ions  
f o r  hea t  t r a n s f e r  i n s i d e  and o u t s i d e  t h e  p a r t i c l e ,  desc r ib ing  t h e  change i n  
temperature.  8 ,  a s  a func t ion  o f  r a d i a l  d i s t ance ,  q, and t ime,  T, i s  

R, a w a T  = )acq2  3e/aqwan - c e x p ( - l / e ) &  ( 2 )  

where t h e  dimensionless  groups a r e  de f ined  a s  

e = RTIE ( 3 )  

( 4 )  
0 )  

T = (a /rz ) t  ; q = ( r / r  
P 

R = 1 f o r  q < 1: R = a /aa for q > 1. 
C P  

a n d 6 = l f o r q ( l  ; & = O f o r q > l  
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The q u a n t i t y  C i s  I 

The i n i t i a l  cond i t ions  a r e  ( f o r  T = 0) :  

for  0 ( q ( 1, e = 1 and f o r  1 i n < m. @ = e, 
and t h e  boundary condi t ions a r e  

Ca@/anlq=O = 0 ; Cel = 0 ( 6 )  q=m 

A t  t h e  p a r t i c l e  su r face ,  t h e  temperatures of t he  p a r t i c l e  and t h e  gas a r e  equa l ,  and 
t h e  hea t  f l ux  t o  the  p a r t i c l e  i s  the  sum of hea t  f l ux  from t h e  gas  and t h e  n e t  
r a d i a t i v e  heat  f l ux  from t h e  enclosure.  This  shows t h a t  t he  r a d i a t i o n  appears  as  a 
boundary cond i t ion  a t  t h e  p a r t i c l e  su r face .  

Py ro lys i s  i s  assumed t o  be a f i r s t - o r d e r ,  one-step r e a c t i o n ;  and t h e  h e a t  
absorbed i n  py ro lys i s  i s  

h = ok exp(-E/RT)(&H)(V - V) (7) 

Mass Transfer :  The governing equa t ions  f o r  t h e  d i f f u s i o n  o f  v o l a t i l e s  throuah t h e  
coa l  matrix a r e  of t h e  same form as  t h e  hea t  t r a n s f e r  equa t ions  and can be w r i t t e n  
a s  

am/at = ( i / r 2 ) a ( r Z D . a m / a i ) / a r  t Sm (8) 
1 9 where 

and 
m = u k exp(-E/RT)(Vo - V )  (9) 

0. 
S = l . D . = D  f o r r ( r  ; S = O , D . = D  f o r r ) r  i a  The boundar: conRit ions are' 

cam/arJrlo = o 

amjar = o a t o r  = m. 

CD 3 1 n / a r I ~ = ~  = L'Daam/arIr=r and mpart  = m . (10) a i r  
0 P 

Mass Loss: A t  any i n s t a n t  of t ime, t h e  flow r a t e  of v o l a t i l e s  o u t  of t h e  p a r t i c l e  
su r face  i s  

mt = 411rZD C a m / a ~ - I ~ = ~  (11) 
O P  

and t h e  t o t a l  mass loss d e r  a period t i s  g iven  by 
II 

Mt = 1: mtdt (12 )  
4 

4.2 So lu t ion  Procedures Eqn.(?) is transformed i n t o  a p p r o p r i a t e  d i f f e r e n c e  forms 
and 

a backward d i f f e r e n c e  approximation on t h e  t i m e  co-ordinate .  Qua t i c ins  Z and 8 can  
be w r i t t e n  i n  t h e  common dimensionless ,  d i f f e r e n c e  form 

1 f o r  s o l u t i o n  using a Cen t ra l  d i f f e r e n c e  approximation on t h e  s p a t i a l  coo rd ina te ,  

-n7f- , , ,e~~t/Aqz t CR c 1  qf/Ar + (!litlIz t q ~ - l , z ) / A q 2 % 3 ~ + 1  - 

' i t i / z  @nt1/Aq2 it1 = SCqfexp(-l/@:) t q f R  1 C l  @?/A= (13) 
B 
I 
i 

The r e l evan t  d i f f e r e n c e  equa t ions  were then solved numerical ly  us ing  a 
f u l l y  i m p l i c i t  backward-difference scheme and i t e r a t i n g  a t  each time s t e p  f o r  t h e  
non-l inear  terms. 

t 
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5.1 ?=lysis T i m e s :  Instantaneous Escape of V o l a t i l e  Matter: The r e s u l t s  of 
e a r l i e r  a t t empt s  t o  p r e d i c t  py ro lys i s  times and t h e i r  v a r i a t i o n  with p a r t i c l e  s i z e  
wi th  on ly  chemical k i n e t i c s  i n  t h e  model and d i t f u s i o n a l  escape omi t t ed ,  a r e  
presented i n  Fig.  2 ,  with the  experimental  da t a  of Fig.  1 included for comparison. 
These r e s u l t s  a r e  obtained by s e l e c t i n g  2 .  = m. 

It can be seen i n  Figure 2 t h a t  the' p red ic t ed  curve i s  sigmoid shaped -- 
l a r g e l y  under-predict ing t imes f o r  l a r g e  p a r t i c l e s  ( g r e a t e r  than 1000 microns)  and 
over-predict ing times f o r  small p a r t i c l e s .  The shape of t h e  curve a l s o  i n d i c a t e s  
t h a t  p y r o l y s i s  times a r e  i n s e n s i t i v e  t o  the  v a r i a t i o n  of p a r t i c l e  size i n  t h e  small  
s i z e  range. The p r e d i c t i o n s  a r e  good f o r  a small  i n t e rmed ia t e  range (1000 miilrons t o  
2000 microns) but t h i s  agreement would now appear to be f o r t u i t o u s .  Inc reas ing  t h e  
k i n e t i c  r a t e  by dec reas ing  t h e  a c t i v a t i o n  energy from 30 kcal lmole t o  25 kcal lmole 
d i d  not improve t h e  p red ic t ions .  Though t h e  py ro lys i s  t imes were reduced, t h e  
c a l c u l a t i o n s  s t i l l  over-predicted times f o r  smail  p a r t i c l e s  and under-predicted f o r  
l a r g e  p a r t i c l e s .  

Examination o f  t h e  ca l cu la t ed  temperatures of t h e  small p a r t i c l e s  du r ing  
p y r o l y s i s  showed t h a t  t he  p a r t i c l e s  would heat up t o  a f i n a l  temperature of about 
950 K without  s i g n i f i c a n t  py ro lys i s ,  and t h a t  t hey  then  pyrclyzed a t  cons t an t  
temperature;  i t  was a l s o  found t h a t  t h e  temperature  g r a d i e n t s  w i th in  t h e  small  
p a r t i c l e s  ( less  than  500 microns)  were i n s i g n i f i c a n t .  A t  constant  temperature ,  
p y r o l y s i s  i s  a volumetr ic  process:  t h e  p y r o l y s i s  t ime then depends on t h e  
temperatures  of t h e  p a r t i c l e s ,  and i s  independent o f  t h e  p a r t i c l e  s i z e .  The f i n a l  
temperatures  a t t a i n e d  by the  small  p a r t i c l e s  were about the same. This  i s  the  sou rce  
o f  t h e  f l a t t e n i n g  o f  t h e  p red ic t ed  curve i n  t h e  small  p a r t i c l e  range. Althoogh t h i s  
supports  t h e  common b e l i e f  t h a t  p y r o l y s i s  being independent of partiacle s i z e  below 
100 microns,  i t  i s  c l e a r l y  con t r a ry  to t h e  f a c t s .  It a l s o  emphasizes t h e  
inadequacies  of t h e  assumptions,  and t h e  need t o  re-examine them ( fo l lowing) .  

The under-predict ion of py ro lys i s  t imes f o r  l a r g e  p a r t i c l e s  i nd ica t ed  by Fig.  
2 suggests  t h a t  escape time is  important  f o r  such p a r t i c l e s .  When t h i s  assumption 
was incorporated i n  t h e  model equat ions,  i t  was then  found to  be app l i cab le  t o  a l l  
p a r t i c l e  s i z e s .  

5 .2  Pyro lys i s  Times: D i f fus ion  of Pyro lvs i s  Products :  With d i f f u s i o n a l  escape 
included i n  t h e  mcde:, the r e s u l t s  i l l u s t r a t e d  i n  Fig.  3 were obtained.  F i a u r e  3 
shgws 3 d i f f u s i o n a l  e scape  t imes,  using d i f f u s i o n  c o e f f i c i e n t s  of lo-' 
cm /sec.  Tu o b t a i n  t h e  l i n e s  shown, an adjustment t o  t h e  v e l o c i t y  cons t an t  
c o e f f i c i e n t s  was necessary:  otherwise,  t h e  ca l cu la t ed  times were high bj: one or two 
o r d e r s  of magnitude. The f i t  was obtained by reducing t h e  a c t i v a t i o n  energy from 30 
t o  12 kcal lmole.  T h i s  i s  s u b s t a n t i a l l y  below t h e  va lues  quoted f o r  i n d i v i d u a l  
r e a c t i o n s  i n  a m u l t i p l e  p y r o l y s i s  model, but i t  i s  of t he  t y p i c a l  magnitude found by 
f i t t i n g  a s i n g l e  s t e p  to m u l t i p l e  r e a c t i o n s  C31. 

The f i t  t hen  shows t h a t  t h e  s e p a r a t e  t r ends  of t h e  l a r g e  and t h e  small 
diameters  can  be accounted f o r  by a t t r i b u t i n g  t h e  major d i f f e r e n c e s  t o  t h e  d i f f e r e n t  
d i f f u s i o n  r a t e s .  Second o r d e r  v a r i a t i o n s ,  to t h e  e x t e n t  t h a t  t hese  can be 
i d e n t i f i e d ,  can be a t t r i b u t e d  t o  d i f f e r e n c e s  i n  t h e  a c t u a l  k i n e t i c s .  

. 

6. DISCUSSION 

The p r i n c i p a l  problem then  remaining is t o  account f o r  t h e  very d i f f e r e n t  
d i f f u s i o n  c o e f f i c i e n t s  ( by two o r d e r s  of magnitude) between the " l a rge"  and t h e  
"small" p a r t i c l e s .  It is no t  a ma t t e r  of ox id iz ing  or non-oxidizing ambient 

. atmospheres s i n c e  t h e  small  p a r t i c l e  group inc lude  some va lues  obtained i n  f lames.  
Two p o s s i b l e  exp lana t ions  can  be advanced. One f a c t o r  t h a t  can be s i g n i f i c a n t  i s  t h e  
ex ten t  of swel l ing.  It i s  now gene ra l ly  agreed t h a t  ( s m a l l )  p a r t i c l e s  hea t ing  
r a p i d l y  swe l l  on ly  marginal ly  or  not a t  a l l  C191. With t h e  l a r g e  p a r t i c l e s ,  swe l l ing  
was ve ry  ev iden t  -- wi th  t h e  except ion of t h e  a n t h r a c i t e  -- with measured swe l l ing  
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f a c t o r s  average 1.5 f o r  a l l  t h e  c o a l s  (except  f o r  t h e  a n t h r a c i t e )  CZOI. This  
explanat ion,  however, does not  account f o r  t h e  behavior of t h e  non-swelling 
a n t h r a c i t e  whose l a r g e - p a r t i c l e  p y r o l y s i s  times do not d i f f e r  s i g n i f i c a n t l y  from 
those  of t h e  bituminous coal .  

I f  swel l ing i s  not  r e spons ib l e  f o r  t h e  d i f f e r e n c e s  we must p o s t u l a t e ,  i t  would 
seem, some un iden t i f i ed  d i f f e r e n c e s  i n  t h e  mechanical p r o p e r t i e s  of t h e  c o a l s  t h a t  
a r e  s o l e l y  p a r t i c l e  s i z e  dependent,  and which inc lude  a n t h r a c i t e .  One such p rope r ty  
could be microcracks i n  a l l  p a r t i c l e s  g r e a t e r  than about 100 microns so t h a t  t h e  VM 
escape r a t e  i n  smaller  p a r t i c l e s  can be diffusion-dominated, generat ing t h e  l e f t -  
hand d a t a  s e t  of Fig.  3. I f  t h e  VM escape through t h e  microcracks of l a r g e r  
p a r t i c l e s  was then instantaneous,  a l l  p y r o l y s i s  times of p a r t i c l e s  about 100 microns 
would l e v e l  off  a t  about 0.5 sec. ,and t h e  l i n e  would become hor i zon ta l  i n  t h e  r i g h t -  
hand segment of t h e  graph. I f  escape through t h e  microcracks i s  no t  i n s t an taneous ,  
and i s  governed by some form of d i f f u s i o n  mechanism, t h e  l i n e  t o  t h e  r i g h t  would 
then  rise with p a r t i c l e  s i z e ,  as  it does  i n  f a c t .  

The same q u a l i t a t i v e  r e s u l t  i s  obtained i f  we assume, a l t e r n a t i v e l y ,  an a r r a y  
o f  microcracks a t  a l l  p a r t i c l e  s i z e s ,  and with microcrack s i z e  diminishing wi th  
p a r t i c l e  size. 

Th i s  i s  a l l  hypo the t i ca l  a t  t h i s  t i m e  but i t  does i n d i c a t e  t h e  l i n e  of 
t h ink ing  t h a t  would appear t o  be necessary a t  t h i s  time t o  account f o r  t h e  observed 
r e s u l t s .  

7. MNUUSIONS 

1. The experimental  d a t a  on t h e  v a r i a t i o n  of p y r o l y s i s  t i n e s  wi th  diameter  
c l e a r l y  show in f luence  of p a r t i c l e  s i z e  over  t h e  s i z e  range 20 t o  4000 
microns. 

2. The dependence of p y r o l y s i s  t imes on diameter  i s  i n t e r p r e t e d  a t  t h i s  t i m e  
as being due t o  t h e  in f luence  of ( d i f f u s i o n a l )  escape i n  t h e  p y r o l y s i s  
mechanism. This  is i n  agreement with convent ional  views of p y r o l y s i s  
g r e a t e r  than 100 microns; but  i t  con t r a ry  t o  those  views f o r  p a r t i c l e s  l e s s  
t han  100 microns.  

3. A s i n g l e  l i n e  or  band drawn ( e m p i r i c a l l y )  through a l l  t h e  d a t a  has  a 
sigmoid (dog-leg)  shape t h a t  cannot a t  t h i s  t ime be accounted f o r ,  
t h e o r e t i c a l l y ,  by any model t h a t  excludes diameter-dependent parameter 
c o e f f i c i e n t s .  

4.  The two extreme segments of t h e  sigmoid curve can be p red ic t ed  by 
a r b i t r a r i l y  assuming t h a t  va lues  of a d i f f u s i o n  c o e f f i c i e n t  governing VM 
escape d i f f e r  by two o rde r s  of magnitude. 

5. Mechanistic reasons f o r  any such d i f f e r e n c e  i n  d i f f u s i o n  c o e f f i c i e n t s  a r e  
not  c l e a r  a t  t h i s  time. Some f a c t o r s ,  such as t h e  in f luence  of t h e  
composition of t h e  ambient atmosphere (ox id iz ing  or non-oxidizing)  can 
appa ren t ly  be ru l ed  ou t .  A t e n t a t i v e  exp lana t ion  i n  terms of microcracks i s  
suggested but  t h i s  needs t o  be t e s t e d  by approximate a n a l y t i c a l  
developments and phys ica l  examinations.  

We would l i k e  t o  acknowledge t h e  support  of M r .  J. Hickerson, Department of 
Energy ( c o n t r a c t  # DE-AC22-84PC-70768) and ET. D. Seery,  United Technologies 
Research Center ( c o n t r a c t  # 101404) i n  funding t h i s  p ro jec t .  

: d i f f u s i o n  coe f f .  i n  a i r  (cmZ/s) D 
kp : r a t e  cons t an t  ( 6  ) 

: d i f f .  coe f f .  i n  p y t i c l e  (cm2/s)  $ : a c t i v a t i o n  energy (kcal lmyle)  
ko : preexponent ia l  f a c t o r  ( 8  ) m : mass conc. of VM ( g l c c )  
m : v o l a t i l e  gene ra t ion  r a t e  (g/cm3s) qr : r a d i a t i v e  heat  f l u x  (callcm's) 
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r : r a d i a l  d i s t a n c e  (cm) 
R : g a s  constant  ( ca l /mole  deg.K) 
T : Temperature (deg.K) 
T : I n i t i a l  Temperature (de5.K) 

V z  : u l t i m a t e  v o l a t i l e  y i e l d  ( % )  
a : thermal  d i f f u s i v i t y  i n  p a r t i c l e  
qp : dimensionless  r a d i a l  d i s t a n c e  
A : thermal  conduc t iv i ty  of c o a l  
oP : d e n s i t y  of c o a l  (gram/cc)  
ep : dimensionless  temperature  

r : r a d i u s  of a p a r t i c l e  (cm) 
t' : t ime ( s )  

V : v o l a t i l e  y i e ld  ( 5 )  
a : thermal d i f f u s i v i t y  i n  a i r  
hil 
.Aa u : d e n s i t y  of a i r  (aram/cc)  
-ra : dimensionless  t ime 

: hea t  of r e a c t i o n  ( ca l /g ram)  
: thermal conduct ivi ty  of a i r  
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Table 1: Pyrolyris Times from Drop-tube (DT) 
Heated -grid (HG), and Flame (F) Experiments. 

Investigators Particle Size Heating Bate Pyrolysis 
(microns) (deg.l[/sec) Time (sec) 

Anthony C31 

Nsakala [91 
Niksa CB3 
Kobayashi C61 
Howard C53 
Smoot E131 
Thriny C151 
Ubhayakar C161 
Seeker C121 
Peter C103 
Desypris C41 

Maloney C71 
Solomon C143 

53-83 

64 
125 
37-44 
< 200 
21 
< 100 
< 74 
80 
1200 
126 
44 
62 
53-74 
44-74 
44-74 

lou 0.1 

9 y l o 3  0.2  

> loy 0.1 
10' 0.2 
lo4 0.05 

3 x 103 0.3 

10--10" 0.5 

- 0.1 
> 10" 0.011 
lo9 0.08 
200 3.5 

0.5 
0.5 
0.17 

- 

lou 0.064 

4 x lo4 0.023 
3 x lou 0.02 

HG 

ET 
HG 
DT 
F 
F 
F 
DT 
Shock Tube 

HG 

DT 
DT 
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Table 2: Valuer of the vo la t i l e  combuation conatanta (Kv and n ). 
(Source: Ref. 1) 

percentage.) 
(The e r r o r s  i n  Kv a r e  between 2 and 5% , t h e  e r r o r s  given aga ins t  n a r e  i n  

COAL VM% (d .a . f )  K, (c.g.s u n i t s )  n 

1. S t a r l l y d  
2. Five f t .  
3. Two f t .  Nine 
4. Red Vein 
5. Garw 
6. Si lks tone  
7.  Winter 
8. Cowpen 
9. High Hazel 
10. Lorraine 

9.9 
14.9 
28.8 
23.3 
30.6 
41.5 
39.3 
40.2 
40.7 
40.2 

44.6 
30.0 
120.0 
86.6 
96.8 
91.6 
93.6 
91.4 
134.0 
98.9 

1.82 f 4.13% 
2.32 2 4.378 
2.63 f 3.33% 
2.19 f 4.22% 
2.06 2 2.14% 
2.19 f 3.86% 
2.24 f 3.188 
2.15 f 3.28% 
2.23 2 2.79% 
2.14 2 2.55% 

4 

-b 

F .  
+* 
n q  

1: 
0 

Figure 1. Experimental values  of  v a r i a t i o n  of t o t a l  pyro lys i s  times 
wi th  p a r t i c l e  s ize .  Values a r e  l i s t e d  i n  Tables 1 and 2. 

0 Anthony.. Nsakala. 4 N i k s a . V  Howard. & Kobayashi. II Smoot. * Thring. 1 Solomon. X Maloney. +Desypris, Oubhayakar. 
o Pe ters .  v Seeker. 
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C .  

- k= 1 E 8 l/sec. 
f E = 30 kcal/mole. 

0 --c k = 1 E 10 l / S e C .  
E = 25 kcal/mole. 

Figure 2. Comparison of the calculated and experimental variat ion of 
pyro lys i s  times with par t i c l e  s i z e .  The calculat ions do not  
include the d i f fus iona l  escape of VM. 

Figure 3.  Comparison of calculated and experimental variat ion of 
pyrolysis  tines with par t i c l e  size. The calculat ions include 
the d i f fus iona l  escape of VM. 
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I N T R O D U C T I O N  

Reaction engineering experiments with coal or heavy oil fractions typically allow observation of only global 
kinetics and the yields of lumped product fractions; the controlbig reaction fundamentals are obscured by the com- 
plexity of the reactant and its product spectra. This limitation has motivated experiments with model compounds 
to help resolve the fundamental reaction pathways, kinetics, and mechanisms involved. These fundamentals are 
of the model compound reactions, however, and their relation to the reactions of the moieties they mimic in a 
complex reactant can be vague. Model compound results are often used in the analysis of the reactions of coal or 
asphaltenes in a qnalitative fashion. The object of this paper is to report on a mathematical model of asphaltene 
pyrolysis which serves as a quantitative bridge between model compounds and actual asphaltenes by combining 
modebcompound deduced reaction pathways and kinetics with aspects of asphaltene structure. 

B A C K G R O U N D  

Asphaltenen are operationally defined as a response to a solvent extraction protocol. However, the functional 
groups and chemical moieties they comprise have been probed by nnmerous spectroscopic and pyrolytic investiga- 
tions (1-5), and structural scenarica typically include condensed aromatic and heteroaromatic cores to which are 
attached peripheral alkyl, naphthenic, and heteroatomic substituents. Several of these substituted aromatic cores, 
referred to  as unit sheets, can be bonded together in macromolecular fashion to form an asphaltene particle. 

Of the covalent bonds in asphaltene, those in heteroatomic peripheral substituents are the most thermally 
labile; they are also present in relatively low proportions. C C  bonds in aromatic rings, on the other hand, 
constitute a large fraction of asphaltene bonds, but they are stable even at  very high temperatures. Aliphatic 
C-C bonds in alkylaromatic, alkylhydroaromatic, and alkylnaphthenic positions are both abundant and reactive 
and thus constitute the most prevalent thermally scissile groups in asphaltene. Therefore, the reactions (6- 
10) of the model compounds n-pentadecylbenaene, n-dodecylbensene, n-butylbenzene, 2-ethylnaphthalene, n- 
tridecylcyclohexane, and 2-ethyltetralin, mimics of these scissile moieties, seemed a relevant probe of the thermal 
reactions of the basic hydrocarbon framework of asphaltenes. These model compound data were combined with 
asphaltene structural information to simulate the pyrolysis of a generic, hypothetical, fully hydrocarbon asphaltene. 
Structural data used in the model were selected from an overall understanding of asphaltene composition and 
constitution (8) and were not obtained from spectroscopic Characterization of any particular asphaltene. Note 
however, that the model can readily incorporate Structural data from any asphaltene of interest and simulate its 
pyrolysia specifically. 

M O D E L  D E V E L O P M E N T  

Reactant Asphaltene.  

The simulated asphaltene is illustrated schematically in Figure 1. Asphaltenes were regarded (8) as a blend 
of hydrocarbon particles, defined as covalently bonded oligomers of unit sheets with a degree of polymerization 
ranging from 1 to 5. The unit sheets comprised between 2 and 30 six-membered rings which could, in turn, be 
either aromatic or saturated. The maximum number of aromatic rings in a unit sheet was 15, and the number of 
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saturated rings never exceeded the number of aromatic rings. Peripheral aromatic and saturated carbon atoms 
in a unit sheet were, respectively, 45% and 25% substituted by aliphatic chains containing from 1 to 25 carbon 
atoms. A fraction of these chains served as the covalent b k s  which bonded unit sheets into particles, and the 
balance were terminal substituents. 

Four probability distributions describing, respectively, the alkyl substituent chain lengths, the number of 
aromatic and the number of saturated rings in a unit sheet, and the degree of polymerization of asphaltene 
particles are displayed in Figure 2. These data were selected such that the average structural parameters for the 
reactant asphaltene were consistent with values reported in the literature. 

In the simulations, the reactant asphaltene consisted of a collection of particles containing the model's basis 
of 10,000 unit sheets, assembled in a stochastic process. The 6rst step of this assembly was to  determine the 
number of unit sheets in each particle by comparing a random number between 0 and 1 with the integrated 
probability distribution describing the particle's degree of polymerization (i.e. Fig 2d). The numbers of aromatic 
and saturated rings in each of the unit sheets in the particle were then determined by comparing independent 
random numbers with the integrated probability distributions in Figures 2b and 2c. Each saturated ring in the 
unit sheet was then individually categorized as either hydroaromatic or naphthenic based on whether it was fused 
to an aromatic ring or exclusively to other saturated rings, respectively. This was accomplished by comparing a 
random number with the probability, Px, of a saturated ring being fused to  an aromatic ring. Px was estimated 
from Equation 1 on the basis that the type of ring (saturated or aromatic) to which a saturated ring was fused 
was directly proportional to the number of ammatic, Nar, or saturated, Nnr, rings in the unit sheet. 

The numbers of internal and peripheral ammatic and saturated carbon atoms in the unit sheet, defined 
respectively as thoae bonded to 3 and to 2 other cyclic carbon atoms, were calculated according to the method of 
H i c h  and Altgelt (11,lZ). The number of peripheral atoms of each type was then multiplied by their appropriate 
degrees of substitution (0.45 and 0.25 for aromatic and saturated carbons, respectively) to calculate the number of 
peripheral positions containing substituents. The number of peripheral aromatic carbon atoms bearing alkyl chains 
was then calculated as the total number of substituted aromatic carbon atoms minus the number of peripheral 
aromatic carbon atoms in hydroaromatic rings. Assembly of the unit sheets was finally completed by comparing a 
random number with the integrated probability distribution in Figure 2a to determine the number of carbon atoms 
in each aliphatic substituent. The steps outlined above were repeated for each unit sheet until an entire particle 
had been constructed. Additional particles were then assembled until 10,000 unit sheets had been included. 

Pyrolysis Simulation. 

The model compound pyrolyses (8) revealed that ring-opening reactions were of minor consequence for even 
the saturated rings. Therefore, the polycyclic portion of the unit sheet was modeled as being thermally stable 
and, hence, conserved during pyrolysis. The only effect of pyrolysis was then to break C-C bonds in the peripheral 
alkyl substituents and the inter-unit sheet links. 

Asphaltene pyrolysis therefore amounted to accounting for the temporal variation of the distribution functions 
of Figure 2. This was accomplished by 1.) developing differential rate equations for the three reactive moieties 
(i.e. alkylaromatic, alkylnaphthenic, and alkylhydroaromatic), 2.) integrating these equations numerically with 
model-compound-deduced rate constants as parameters, 3.) updating the integrated probability distributions to 
reEect the effects of pyrolysis, and 4.) using the updated distributions to stochastically assemble 10,000 unit sheets 
which represented the reaction products. 

The rate of reaction of an alkylaromatic chain, Ai,  of length i in a constant-volume batch reactor was given 
as Equation 2 where kA, ia the first-order rate constant. 

25-i dAi 
_ = _  kA,Ai + I J A . + , , ~ ~ A . + , A ~ + ~  

j= 1 
dt 

The two terms on the right hand side account for, respectively, the cleavage of alkylaromatic substituents with 
i carbon atoms, and the formation of alkylaromatics with i carbons born alkylaromatics containing i+j carbon 
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atoms where UA,+,,, is the stoichiometric coefficient. Completely analogous equations described the rate of reaction 
of the alkylnaphthenic, N i ,  and alkylhydroaromatic, H i ,  moieties. 

The rate of formation of aliphatic products, AS, with i carbon a t o m  is given by Equation 3, where k and 
Y are rate constants and stoichiometric coefficients, respectively. Note that secondary reactions of the primary 
aliphatic products were neglected. 

Finally, cleavage of the inter-unit sheet links in the oligomeric particles was described by Equation 4. In 
modeling the depolymerisation kinetics, all inter-unit sheet linkages were treated as alkylaromatic chains. That is, 
the rate constant for breaking an inter-unit l ink was the same as that for cleaving an alkylaromatic substituent. 

The two terms on the right hand side account for the depolymerization of particles containing i unit sheets, 
Pi, and the formation of such particles from those with more than i unit sheets, Pi+j, respectively. 

The rate constants and stoichiometric coefficients required for numerical solution of Equations 2-4 were ob- 
tained from the model compound pyrolyses (6-9). For example, the initial product selectivities in pentadecylben- 
gene (PDB) pyrolysis (8,s) showed that bond scission occnrred at the /3 position about 35% of the time, at the 7 
position 15% of the time, and at each of the other 12 bonds roughly 4% of the time. These relative proportions for 
cleavage of each aliphatic bond were modelled to  apply to all other alkylammatics. Similarly, the initial selectiv- 
ities observed for tridecylcyclohexane (TDC) and Zethyltetralin (2ET) pyrolyses (E) provided the stoichiometric 
coefficients for the akylnaphthenic and alkylhydroaromatic moieties, respectively. 

A unique rate constant for each of the 3 reactive moieties containing from 1 to 25 aliphatic carbons was 
calculated from the rate constant for the relevant model compound scaled by the square root of the carbon 
number, aa snggested by the apparent first-order rate constant for a Rice-Hersfeld (13) chain. For example, all 15 
carbon atom alkylaromatic chains were assumed to follow the pyrolysis kinetics of PDB, and rate constants for 
alkylaromatic chains with i carbon a t o m  were calculated aa 

i 
kA, = k p D s ( E ) l ' l  ( 5 )  

Although only approximate, Equation 5 correlated available experimental data quite well (E). 

To summarise, this mathematical model simulated asphaltene pyrolysis by simultaneously solving 105 differ- 
ential rate equations; 25 each for cleavage of alkylaromatic, alkylnaphthenic, and alkylhydroaromatic moieties, 25 
for the formation of aliphatic products, and 5 for depolymeriration of asphaltene particles. The kinetic parame- 
ters in these equations were deduced through model compound pyrolyses. The structural data in the probability 
distributions, shown in Figure 2 for the reactant asphaltene, were then updated to relIect the effects of pyrolysis, 
and 10,ooO nnit sheets were assembled as reaction products. 

Reaction P roduc t s .  

The simulated pyrolyses produced aliphatics, via scission of peripheral moieties on the asphaltenic unit sheet, 
and product particles containing a t  least one unit sheet. The product particles were stochastically assembled using 
the procedure described previously for the reactant asphaltene particles, and they differed from their precursors 
only in their degree of polymeriPation and in the length and number of their terminal aliphatic constituents. The 
polycyclic portion of the unit sheet was thermally stable and hence unaltered by pyrolysis. 

To allow comparison with experimentally observed (9,lO) temporal variations of solubility-based product 
fractions from asphaltene pyrolysis, each reaction product from the simulated pyrolyses was assigned to either a 
gas, maltene, asphaltene, or coke product fraction. Aliphatic products were assigned t o  the gas fraction if they 
contained 4 or fewer carbon atoms and to the maltene fraction if they contained more than 4 carbon atoms. 
The product particles were assigned to  one of the solubility-based product fractions on the basis of combinations 
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of molecular weight and H/C atomic ratio as shown in Table 1. These two parameters provided a physically 
signxcant yet convenient means of correlating particle solubility with chemical composition and structure in this 
model. 

M O D E L  RESULTS 

The simulations were of the constant-volume, isothermal, batch pyrolyses of a generic asphaltene and not the 
particular off-shore California asphaltene used in the experiments. Quantitative agreement between the model 
and experimental results should not be expected in all cases and treated as a coincidence when found. Note that 
detailed spectroscopic analysis of any one asphaltene could permit prediction of its reactions, however. Model 
predictions are presented in terms of the temporal variation of average structural parameters and solubility-based 
product fractions. 

S t ruc tura l  Parameters.  

The model monitored the number of each type of aliphatic, aromatic, and naphthenic carbon and hydrogen 
a t o m  in the 10,000 unit sheets so that average structural parameters could be determined for the collection of 
asphaltene particles. The values of selected structural parameters for the reactant asphaltene are reported in Table 
2 and are clearly consistent with the ranges of these parameters typically reported in the literature (2,3,14-19) for 
petroleum asphaltenes. 

Figure 3 presents the temporal variation of the particle and unit sheet number average molecular weights, 
whereas Figure 4 displays the particle molecular weight distribution parameteric in time for simulated asphaltene 
pyrolysis at 425OC. The particle molecular weight decreased very rapidly and approached the unit sheet average 
molecular weight, suggesting essentially complete asphaltene depolymerisation. Figure 4 shows that the molecular 
weight distribution for the reactant asphaltene w a ~  broad and poeaessed a high average value and that a significant 
reduction in average molecular weight and a narrowing of the distribution occurred for asphaltene pyrolysis even 
at  short reaction times. 

Experimental data are lacking for a duect quantitative comparison of the model results in Figures 3 and 
4, but previous experiments (8) do allow limited scrutiny as follows. Asphaltene pyrolyses at 4OO0C for 30 
min significantly reduced the average molecular weight of the sulfur- and vanadium-containing compounds in 
asphaltene and shifted the molecular weight distribution to lower values. These results, if generally true for all of 
the aspbaltenic constituents, are in qualitative accord with the model's predictions. 

The temporal variation of the H/C atomic ratio and the fraction of carbon atoms being aromatic, fa, from 
simulated asphaltene pyrolyses at  425% are portrayed on Figure 5. The H/C atomic ratio decreased from 1.20 
initially to  0.85 at 120 min. The value of j,,, on the other hand, increased from an initial value of 0.42 to 0.61 at 
120 min. The predicted variation of the H/C ratio is in good accord with the experimental results from asphaltene 
pyrolysis at  400% shown in Figure 13. No experimental data were available for comparison with the temporal 
variation of fa. 

Product  Fractions. 

Figure 7 presents the temporal variations of the yields of the gas, maltene, asphaltene, and coke product 
fractions from simulated asphaltene pyrolyses at 400, 425, and 45OOC. Experimental data are provided in Figure 
8 for comparison. The simulations at 40O0C predicted the experimentally observed induction period for coke 
production, and maltene and gas yields of the correct order. No experiments were performed a t  425OC, but 
the results of simulated pyrolyses at this temperature closely resembled the experimental results a t  400°C. This 
corroborates the qualitative trends predicted by the model, and further suggests that the model of a generic 
asphaltene underpredicted the reactivity of the off-shore California asphaltene used in the experiments. The 
agreement between the model predictions and the experimental temporal variations of the product fractions at  
450°C was almost quantitative. Essentially complete asphaltene conversion at 30 minutes, an ultimate coke yield 
of about 60% that decreased with time, and an ultimate yield of maltenes and gases of about 40% are all common 
features. 

DISCUSSION 

The model predictions were consistent with the available experimental data on a qualitative basis without 
exception, and on a quantitative basis in several instances. This agreement between model and experimental 
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results is striking because the model deals with a simplified asphaltene structure, includes only model-compound- 
deduced reaction pathways and kinetics, and contains no kinetics parameters regressed from experiments with 
actual asphaltenes. The overall consistency of the experimental and simulated asphaltene pyrolyses suggest that 
the model included many key features of asphaltene structure and its thermal reactivity, and that the pyrolysis 
kinetics of the model compounds mimicked those of the related moieties in asphaltene. 

The model results showed that dealkylation of the asphaltene unit sheets caused the particles to become in- 
creasingly hydrogen deficient and more aromatic thereby suggesting an attendant change in their toluene-solubility. 
Thus as reactant asphaltenen, toluene soluble because of their aliphaticity, were cleaved of their peripheral sub 
stituents their toluene solubility diminished, and they eventually appeared as coke in the pyrolysis simulation. 
The modeling results thus demonstrate that severe overreaction of primary products is not necessary to  predict 
high yields of coke. This corroborates our previous interpretation (10) of the coke fraction as, mainly, a primary 
pyrolysis product containing the polycyclic cores of asphaltenic unit sheets. 

Finally, the model results also permit speculation into the role of pyrolysis in nominally catalytic asphaltene 
hydroprocessing reactions. The simulations showed that asphaltene depolymerization occurred even at short 
reaction times and that many particles existed as single unit sheets rather than covalently bonded oligomers 
thereof. These individual asphaltene unit sheets, which are much smaller than the macromolecular particles, will 
be major participants in catalytic reactions because they can more readily diffuse within the porous catalyst. This 
suggests that catalytic hydroprocessing at high temperatures wiU be of thermally derived asphaltene fragments 
and not the aaphaltene particle itself. 
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TABLE ONE 

CRITERIA M)R ASSIGNING PARTICLES TO PRODU!T FRACTIONS 

C r i t e r i a  Product F r a c t i o n  Opera t iona l  D e f i n i t i o n  

MW ( 300 and A I C  > 1.0 Malt ene heptane - so lub le  

Mm ) 300 and A/C > 1.0 Asphaltene heptane  - inso luble  
MW ( 300 and A I C  < 1.0 to luene  - so lub le  

MW > 300 and H/C ( 1.0 Coke to luene  - inso luble  

TABLE TWO 

AVERAGE SlXUCl'JRAL PARAIlOTFRS FOR PETROLEUM ASPAALTENE 

Pa tame t e t  

A I C  atomic r a t i o  

f a  

S ian i f  i cance  

f r a c t i o n  of C a t o m  
in  a romat ic  r i n g s  

f r a c t i o n  of C atoms 
in s a t u r a t e d  r ings  

f n  

'a 

'n 

f r a c t i o n  of A atoms 
in  a romat ic  r i n g s  

f r a c t i o n  of A a t o m  
i n  s a t u r a t e d  r ings  

c ICa p e r i v h e r a l  a romat ic  carbons 
t o t a l  a romat ic  carbons 
(shape of a r o n a t i c  core)  

t o t a l  s a t u r a t e d  carbons 
s a t u r a t e d  carbons  a t o  ri i tg 
(average  a l k y l  cha in  l ene th )  

P 

's/'sa 

. s a tu ra t ed  carbons  a t o  r i n g  
pe r iphe ra l  a romat ic  carbons 
(degree  of s u b s t i t u t i o n  of 
a romat ics  i n  u n i t  shee t )  

'sa"p 

1.20 

0.42 

0.13 

0.09 

0.16 

0.48 

4.93 

0.45 

L i t e r a t u r e  (1-5. 14-19l 

1.09 - 1.29 

0.30 - 0.61  

0.06 - 0.24 

0.04 - 0.11 

0.16 - 0.19 

0.31 - 0 . 5 5  

3.1 - 8.4 

0.39 - 0.65 
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Figure 1 : Structural  Hierarchy in Pyrolysis  Model 
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Figure 2: Integrated Distributions f o r  Elements 
of Asphaltene Structure 
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Flgure 3: Temporal Varlatlon of MW 
SIUUUTED PYROLYSIS AT 425C 
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INTERPRETING R A P I U  COAL DEVOLATILIZATION AS AN EQUlLIBRIUM 
FLASH DISTILLATION D R I V E N  BY COMPETITIVE CHEMICAL KINETICS 

Stephen Niksa 

High Temperature Gasdynamics Labora to ry  
Mechanical Eng ineer ing  Department 

S t a n f o r d  U n i v e r s i t y  
Stanford.  CA 94305 

I n t r o d u c t i o n  

As t h e  ambient p ressu re  f o r  a coa l  d e v o l a t i l i z a t i o n  process i s  reduced, u l t i -  

mate y i e l d s  o f  t a r  i nc rease  s u b s t a n t i a l l y .  For h i g h  v o l a t i l e  b i t um inous  c o a l s ,  t a r  

y i e l d s  f rom vacuum p y r o l y s i s  can be f i f t y  pe rcen t  g r e a t e r  than f rom h i g h - p r e s s u r e  

p y r o l y s i s .  Th i s  behavior  has l o n g  been a t t r i b u t e d  t o  c o m p e t i t i v e  secondary chem- 

i s t r y  i n  t h e  gas phase o c c u r r i n g  on a t i m e  s c a l e  d i c t a t e d  by t r a n s p o r t  o f  v o l a t i l e  

m a t t e r  through t h e  p a r t i c l e  su r face .  Among t h e  escape mechanisms compa t ib le  w i t h  
c o a l ' s  complex p h y s i c a l  s t r u c t u r e ,  b u l k  and Knudsen pore d i f f u s i o n ,  e x t e r n a l  f i l m  

d i f f u s i o n ,  cont inuum f l ow ,  and bubble g rowth  i n  v i scous  m e l t s  have been t r e a t e d ,  as  
rev iewed r e c e n t l y  by Suuberg (1). 

These models c o r r e l a t e  t h e  reduced u l t i m a t e  y i e l d  f o r  increased ambient  

pressures,  b u t  impor tan t  f e a t u r e s  o f  p y r o l y s i s  over  a range o f  p ressu re  rema in  unex- 

p l a i n e d .  F i r s t ,  t h e  measured r a t e  o f  we igh t  l o s s  f o r  i d e n t i c a l  thermal  h i s t o r i e s  i s  

t h e  same f o r  p ressu res  between vacuum and 3.45 M Pa (2). Second, t a r  d e p o s i t i o n  

e x e r t s  a n e g l i g i b l e  i n f l u e n c e  on bo th  y i e l d s  and e v o l u t i o n  r a t e s  th roughou t  a l l  

p ressu res  o f  p r a c t i c a l  i n t e r e s t ,  based on t h e  s c a l i n g  f rom an independently-measured 

t a r  c r a c k i n g  r a t e  and a measured v o l a t i l e s  escape r a t e  ( 3 ) .  Th i rd ,  t h e  m o l e c u l a r  

we igh t  d i s t r i b u t i o n s  (MWD) o f  t a r  s h i f t  toward lower  mo lecu la r  we igh ts  as t h e  ambi- 

e n t  p ressu re  i s  increased (1,4,5). 
1 
I The r e a c t i o n  model i n t roduced  he re  (FLASHKIN) c o r r e l a t e s  t h e  reduced u l t i m a t e  

y i e l d s ,  p r e d i c t s  e v o l u t i o n  r a t e s  which a re  , independent o f  pressure,  and e x p l a i n s  t h e  

I observed s h i f t s  i n  t a r  MUD f o r  v a r i e d  ambient pressures.  It i n t e r p r e t s  coa l  de-  
Y v o l a t i l i z a t i o n  as a s i n g l e - s t a g e  e q u i l i b r i u m  f l a s h  d i s t i l l a t i o n  dr iver1 by compe t i -  

t i v e  chemical k i n e t i c s .  Whi le  t h e  mathemat ica l  f o r m u l a t i o n  accommodates r a t e - l i m i t -  
c 

i n g  mass t r a n s p o r t  r e s i s t a n c e s ,  homoger;eous chemis t r y  i s  excluded and mass t r a n s p o r t  

r e s i s t a n c e s  a re  deemed n e g l i g i b l e  f o r  t h e  p a r t i c l e  s i z e s  considered i n  t h e  compar- 
i s o n s  w i t h  da ta .  I n  t h i s  respec t ,  FLASHKIN advances a m i n o r i t y  v iewpo in t  r o o t e d  i n  

t h e  p a r a l l e l s  between p y r o l y s i s  and e v a p o r a t i v e  d r y i n g  drawn by Pe te rs  and B e r t l i n g  

(6), and t h e  aspects  o f  phase e q u i l i b r i u m  i n c l u d e d  i n  t h e  models o f  James and M i l l s  
(7) and N iksa  ( 8 ) .  

I 

I 
I 
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Reaction Mechwisms - - ~ ~ -  
The reactior, mechar,isms ir FLASHKIN develop an analogy between coal pyrolysis  

and a s ingle-s tage equi l ibr ium f lash  d i s t i l l a t i o n .  In any f lash  d i s t i l l a t i o n ,  an 
equilibrium r e l a t i o n  (such as Raoul t ' s  law in the  simplest case) descr ibes  the par- 
t i t io r ; ing  o f  chemical species  i n t o  the vapor and condensed phases a t  fixed pressure 
and temperature. The portion of the feedstream which evaporates i s  determined by a 
mole balance among the feed and product streams. Usually the composition and 
throughput of  the feedstream and the temperature and pressure of the f lash  chamber 
a r e  known, so t h a t  the  composition and ef f lux  of the vapor and l iquid streams can be 
determined. 

In  the coal pyrolysis  react ion system, there  is  no feedstream per se; ra ther ,  
the coal macromolecule d is in tegra tes  in to  fragments which range il; s i z e  from hydro- 
carbon gases having an average molecular weight of 25 g/mole to  polymeric pieces of 
coal of molecular weight t o ,  perhaps, 104-106 g h o l e .  The r a t e  a t  which theses  
species  are introduced in to  the  system i s  determined by the  primary thermal re -  
action s. 

The f lash chamber is, of course, the  porous fuel p a r t i c l e .  In softening coa ls ,  
the  vapor i s  f u l l y  dispersed throughout the melt as  bubbles i n  a viscous l iqu id ;  
otherwise, t h e  vapor i s  dispersed throughout a pore system which de l inea tes  so l id  
subuni ts  o f  a few hundred angstroms i n  s i z e  ( the  s i z e  of mesopores). Regardless of 
the  form o f  t h e  condensed phase, we assume t h a t  t h e i r  composition i s  uniform 
throughout the  p a r t i c l e ,  because the c h a r a c t e r i s t i c  dimension of the subunits of 
condensed matter is  so small. The temperature of the system i s  external ly  imposed 
and, under the r e s t r i c t i o n  of negl igible  inter t ia l  heat t ransfer  res i s tances ,  the  
p a r t i c l e  i s  isothermal. B u t  the  in te rna l  pressure r e f l e c t s  the react ion dytiamics. 
In a c t u a l i t y ,  the in te rna l  pressure reaches a level compatible w i t h  the generation 
r a t e  of gases and t h e  res i s tance  to  escape. Despite the modeling discussed e a r l i e r ,  
the  in te rna l  pressure remains ambiguous because c o a l ' s  physical s t ruc ture  admits 
several plausible  t ranspor t  mechanisms, and a l s o  because the t ransport  coef f ic ien ts  
a r e  uncertain. We a s s e r t  t h a t  the time sca le  f o r  mass t ransport  i s  much shorter  
than t h e  primary decomposition time, a s  appl icable  t o  continuum flow driven by a I 

pressure gradient ,  and deduce t h a t  the internal  and ambient pressures  a re  near ly  1 

equi Val ent. j 
I 
1 
s 
! 

Since the primary decomposition fragments encompass l i g h t  gases and high poly- 
mers, the vapor i s  regarded as  a binary mixture of ( a )  noncondensibles, r e s t r i c t e d  
t o  aolecular  weights below 100 to  represent l i g h t  gases ,  and (b)  a continuous mix- 
t u r e  of vapor fragments of molecular weight from 100 t o  i n f i n i t y ,  t o  represent t a r .  
The t a r  vapor i s  represented by a continuous MWD. The condensed phase i s  envisioned 3 

3 a s  a binary mixture of nonvolat i le  char and a continuous mixture o f  evaporating com- 

E O  
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pounds o f  mo lecu la r  we igh t  g r e a t e r  t h a c  100; again,  t h e  condensed-phase c o n t i n u o u s  

m i x t u r e  i s  represented  by a cont inuous  MWD. 

E q u i l i b r i u m  i s  asser ted  between t h e  vapor and condensed co f i t inuous  m i x t u r e s  on 

t h e  b a s i s  o f  s c a l i n g  t h e  molar  c o n c e n t r a t i o n s  i n  t h e  vapor and condensed phases. 

Since t h e  d e n s i t i e s  o f  gaseous and condensed spec ies  d i f f e r  by t h r e e  t o  f o u r  o r d e r s  

o f  magnitude, t h e  accumula t ion  o f  vapor w i t h i n  t h e  p a r t i c l e  i s  e n t i r e l y  n e g l i g i b l e .  

I n  o t h e r  words, t h e  vapor compos i t ion  i s  i n  quas i -s teady  e q u i l i b r i u m  with t h e  chang- 

i n g  condensed phase compos i t ion .  The t i m e  s c a l e  on which t h e  phase e q u i l i b r i u m  i s  

e s t a b l i s h e d  i s  t h e  s h o r t e s t  i n  t h e  system. 

The composi t ior ;s o f  t h e  cont inuous  m i x t u r e s  i n  the  vapor and condensed phases 
are  r e l a t e d  by a g e n e r a l i z a t i o n  o f  R a o u l t ' s  law. T h i s  s imp le  fo rm i s  i n  keep ing  

wi th t h e  l a c k  o f  d a t a  on h i g h  molecu la r  w e i g h t  c o a l  p r o d u c t s  such as t a r .  Never the-  
l e s s ,  t h e  f o r m u l a t i o n  i n  FLASHKIN i s  more advanced than p r e v i o u s  r e n d e r i n g s  o f  

R a o u l t ' s  l a w  i n  p y r o l y s i s  model ing (7-9).  

U n t i l  v e r y  r e c e n t l y ,  mult i -component phase e q u i l i b r i u m  was analyzed i n  te rms o f  
d i s c r e t e  pseudo-components presuming t h a t  b a s i c  thermodynamic r e l a t i o n s  expressed i n  

terms o f  t h e  mole f r a c t i o n s  o f  t h e  spec ies  app ly ,  computa t iona l  burdens n o t w i t h -  

s tand ing .  T h e i r  obv ious  l i m i t a t i o n  i s  t h a t  d i s c r e t e  mole f r a c t i o n s  f o r  m i x t u r e s  as 

complex as coa l  t a r  a r e  i m p o s s i b l e  t o  measure. "Cont inuous thermodynamics" c i rcum-  

vents  t h i s  d e f i c i e n c y  by r e c a s t i n g  t h e  c o n d i t i o n s  f o r  phase e q u i l i b r i a  i n  te rms o f  

con t inuous  d i s t r i b u t i o n s  o f  macroscopic c h a r a c t e r i s t i c s  such as a r o m a t i c i t y ,  carbon 

number, normal b o i l i n g  p o i n t  and, most p e r t i n e n t  t o  t h i s  model, m o l e c u l a r  we igh t .  

Recent p u b l i c a t i o n s  by P r a u s n i t z  and coworkers (10,ll) and Ratzsch and Kehlen (12) 
deve lop  t h e  r e s u l t s  used i n  FLASHKIN and access t h e  l i t e r a t u r e  on t h e  genera l  

theory .  

F i n a l l y ,  t o  complete t h e  analogy between p y r o l y s i s  and a f l a s h  d i s t i l l a t i o n ,  

t h e  e f f l u x  o f  vapor and l i q u i d  "p roduc ts"  must be s p e c i f i e d .  The e f f l u x  o f  vapor 

species i s  s imp ly  t h e  sum o f  t h e  e v o l u t i o n  r a t e s  o f  gas and t a r .  W i t h i n  t h e  con-  

s t r a i n t s  of  n e g l i g i b l e  mass t r a n s p o r t  r e s t r i c t i o n s  and n e g l i g i b l e  vapor accumula t ion  
no ted  above, t h e  escape r a t e  o f  l i g h t  gases must match t h e  g e n e r a t i o n  r a t e  o f  gases 

f r o m  t h e  p r i m a r y  thermal r e a c t i o n s ;  i. e . .  gases escape a t  t h e i r  r a t e  o f  p r o d u c t i o n  

by chemical  r e a c t i o n .  The t a r  e v o l u t i o n  r a t e  i s  a l s o  s p e c i f i e d  by t h i s  r a t e ,  w i t h  

t h e  a d d i t i o n a l  c o n s t r a i n t s  t h a t  mole f r a c t i o n s  f o r  the  b i n a r y  vapor sum t o  u n i t y ,  

and t h a t  phase e q u i l i b r i u m  i s  ma in ta ined.  

Of course ,  no condensed phase species l e a v e  t h e  p a r t i c l e .  B u t  t h e i r  e f f l u x  

r a t e  i s  analogous t o  t h e  r a t e  a t  which t h e  condensed cont inuous  m i x t u r e  fo rms an 

i n v o l a t i l e  char.  Lack ing  guidance f rom exper iment,  we assume t h a t  t h e  char  forma- 
t i o n  r a t e  i s  indepecdent o f  t h e  m o l e c u l a r  we igh t  o f  the  components i n  t h e  m i x t u r e .  
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The b a s i c  s t r u c t u r e  o f  coa l  p y r o l y s i s ,  e s p e c i a l l y  t a r  e v o l u t i o n ,  shares many 

s i m i l a r i t i e s  w i t h  a s i n g l e  s tage e q u i l i b r i u m  f l a s h  d i s t i l l a t i o n .  The amount o f  t a r  

i n  the  vapor phase w i t h i n  t h e  f u e l  p a r t i c l e  i s  i n  e q u i l i b r i u m  w i t h  a con t inuous  m ix -  

t u r e  o f  h i g h  m o l e c u l a r  we igh t  f ragments i n  e i t h e r  t h e  s o l i d  subun i t s  o r  v i scous  

me l t .  Generat ion r a t e s  and t h e  e f f l u x  o f  i n t e r m e d i a t e s  and p roduc ts  a re  e s t a b l i s h e d  

by chemical r e a c t i o n  r a t e s .  A s  e labora ted  i n  t h e  f u l l  paper, t h e  e v o l u t i o n  r a t e s  o f  

t a r  and l i g h t  gases, and t h e  t a r  MWD a r e  comp le te l y  s p e c i f i e d  by c l o s i n g  t h e  mole 

balance among t h e  r e a c t i o n  species.  
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A GENEMI. MODEL OF COAL DEVOLATILIZBTION 

P.R. Solomon, D.G. Hamblen, R.M. Carangelo, M.A. Serio and G.V. Deshpande 

Advanced Fuel Research, Inc., 87 Church St., East Hartford, CT 06108 USA 

IWI'RODUCTION 

Coal devolatilization is a process in which coal is transformed at elevated 
temperatures to produce gases, tar* and char. Gas formation can be related to the 
thermal decomposition of specific functional groups in the coal. 
formation is more complicated. 
includes the following steps which have been considered by a number of 
investigators. 

1. The rupture of weaker bridges in the coal macromolecule to release smaller 
fragments called metaplasts (1). 

2. Possible repolymerization (crosslinking) of metaplast molecules (2-14). 

3. Transport of lighter molecules to the surface of the coal particles by 
diffusion in the pores of non-softening coals (5,8,15,16) and liquid phase or 
bubble transport in softening coals (17-19). 

4. Transport of lighter molecules away from the surface of the coal particles by 
combined vaporization and diffusion (4,14). 

Char is formed from the unreleased or recondensed fragments. Varying amounts of 
loosely bound "guest" molecules, usually associated with the extractable material, 
are also released in devolatilization. 

Tar and char 
It is generally agreed that the tar formation 

The combined chemical and physical processes in devolatilization were recently 
reviewed by Gavalas (20) and Suuberg (21). 
simulated by models employing first order reactions with ultimate yields (3.22-29), 
success in mechanistic modeling of tar formation has been more limited. Predicting 
tar formation is important for many reasons. Tar is a major volatile product (up 
to 40% of the coal's weight for some bituminous coals). In combustion or 
gasification, tar is often the volatile product of highest initial yield and thus 
controls ignition and flame stability. It is a precursor to soot which is 
important to radiative heat transfer. The process of tar formation is linked to 
the char viscosity (9,17,30,31) and subsequent physical and chemical structure of 
the char and so is important to char swelling and reactivity. Also, because they 
are minimally disturbed coal molecule fragments, primary tars provide important 
clues to the structure of the parent coal (27,28,32). 

While gas formation can be accurately 

This paper presents a general model for coal devolatilization which considers 
the evolution of gas, tar, char and guest molecules. The general model combines 
two previously developed models, a Functional Group (FG) model (25-29) and a 
Devolatilization-Vaporization-Crosslinking (DVC) model (12,13,33-36). The FG model 
considers the parallel independent evolution of the light gas species formed by the 
decomposition of functional groups. Alternatively, functional groups can be 
released from the coal molecule attached to molecular fragments which evolve as 

I 

P 

*Tar is defined as the room temperature condensibles formed during coal 
devolatilization. 
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tar. The kinetic rates for the decomposition of each functional group and for tar 
formation have been determined by comparison to a wide variety of data (25-29). To 
a first approximation, these rates are insensitive to coal rank. The FG model uses 
an adjustable parameter to fit the total amount of tar evolution. This parameter 
depends strongly on the details of the time-temperature history of the sample, the 
external pressure, and the coal concentration and, therefore, varies with the type 
of experiment performed. 

The variation in tar yield with the above mentioned parameters can be 
predicted by the DVC model (12.13,33-36). 
viewed as a combined depolymerization and surface evaporation process in which the 
pyrolytic depolymerization continually reduces the weight of the coal molecular 
fragments through bond breaking and stabilization of free radicals, until the 
fragments are small enough to evaporate and diffuse away from the surface. This 
process continues until the donatable hydrogens are consumed. 
crosslinking can occur. The model employs a Monte Carlo technique to perform a 
computer simulation of the combined depolymerization, vaporization and crosslinking 
events. Until now, internal mass transport limitations have not been included. 
However, current research shows that considering the transport limitations of 
surface evaporation and film diffusion alone are not sufficient to predict the 
reduced tar yields when devolatilization occurs at low temperatures. 
expression for internal transport has, therefore, been added to the DVC model. 

In the DVC model, tar formation is 

Simultaneously, 

An empirical 

These two models have been combined to eliminate their respective 
deficiencies. The DVC model is employed to determine the yield of tar and 
molecular weight distribution in the tar and char. 
describe the gas evolution, and the functional group compositions of the tar and 
char. 
with gas evolution. 

The FG model is used to, 

The crosslinking is predicted by assuming that this event can be correlated 

The paper describes the two models and how they have been combined. The 
predictions of the FG-DVC model are compared to published data for product yields, 
extract yields, volumetric swelling ratio (determined by crosslink density) and 
molecular weight distributions for the devolatilizations of Pittsburgh Seam coal 
(2,3,9,12,28). The predictions are in good agreement with the data. 

MODELS 

General Description of Coal Devolatlliration 

The general outline of devolatilization employed in this work was recently 
presented by Solomon and Hamblen (27 )  and Serio et al. ( 2 8 ) .  
presents a hypothetical picture of the coal's or char's organic structure at 
successive stages of devolatilization. The figure represents: a) the raw coal, b) 
the formation of tar and light hydrocarbons during primary pyrolysis, and c) char 
condensation and crosslinking during secondary pyrolysis. The hypothetical 
structure in Fig. la represents the chemical and functional group compositions for 
a Pittsburgh Seam bituminous coal as discussed by Solomon (32). 
aromatic and hydroaromatic clusters linked by aliphatic bridges. During pyrolysis, 
the weakest bridges, labeled 1 and 2 in Fig. la, can break producing molecular 
fragments (depolymerization). 
hydroaromatics or aliphatics, thus increasing the aromatic hydrogen concentration. 
These fragments will be released as tar if they can get to a surface and vaporize, 
since they are small enough to vaporize under typical pyrolysis conditions, 
assuming the vaporization law proposed by Suuberg et al. ( 1 4 )  is correct. The 

Fig. 1 from Ref. 28 

It consists of 

The fragments abstract hydrogen from the 
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other two fragments are not small enough to vaporize. 

The other events during primary pyrolysis are the decomposition of functional 
groups to release COz, light aliphatic gases and some CH4 and H2O. The release of 
CH4, CO2, and H20 may produce crosslinking, CH4 by a substitution reaction in which 
the attachment of a larger molecule releases the methyl group, CO2 by condensation 
after a radical is formed on the ring when the carboxyl is removed and H20 by the 
condensation of two OH groups to produce an ether link (labeled 3 in Fig. lb). The 
crosslinking is important to determine the release of tar and the visco-elastic 
properties of the char. 

The end of primary pyrolysis occurs when the donatable hydrogen from 
hydroaromatics or aliphatics is depleted. During secondary pyrolysis (Fig. IC) 
there is additional methane evolution (from methyl groups), HCN from ring nitrogen 
compounds, CO from ether links, and H2 from ring condensation. 

Functional Group W e 1  

The Functional Group (FG) model developed in this laboratory has been 
described in a number of publications (25-29). 
of volatile species concentrations (gas yield, tar yield and tar functional group 
and elemental composition) and the chemical and functional group composition of the 
char. It employs coal independent rates for the decomposition of individual 
assumed functional groups in the coal and char to produce gas species. The 
ultimate yield of each gas species is related to the coal's functional group 
composition. Tar evolution is a parallel process which competes for all the 
functional groups in the coal. In the FG model, the ultimate tar yield is an input 
parameter which is adjusted for each type of experiment since the model does not 
include the mass transfer effects or char forming reactions which lead to tar yield 
variations. 

It permits the detailed prediction 

FG W e 1  Development - The FG model development was initiated by Solomon and 
Colket (25 ) .  A series of heated grid experiments were performed on a variety of 
coals in which individual products (gas species and tar) were monitored. It was 
noticed that while the ultimate yields of species varied from coal to coal and 
could be related to the coal's composition, the evolution rates for individual 
species were, to a good first approximation, independent of coal rank. Solomon and 
Hamblen examined a variety of literature data and found the insensitivity of 
individual species evolution rates to coal rank to be a general phenomenon (37). A 
similar conclusion was reached in a recent study by Xu and Tomita (38). 

In subsequent work using entrained flow reactors (26-28) and a heated tube 
reactor (29), it was found that the general assumptions of the FG model were good, 
but that the original single activation energy rates derived from the heated grid 
experiments (25) were inaccurate. The use of a distributed activation energy rate 
expression. a wide variety of heating rates. and particle temperature measurements 
has provided more accurate and reactor independent kinetic rates for the present 
model (26-29). 
Pittsburgh Seam coal are presented in Table I. 

The general rates and specific composition parameters for 

PG W e 1  Formulation - The mathemat+cal description of the functional group 
The evolution of tar and pyrolysis model has been presented previously (25-29). 

light gas species provides two competing mechanisms for removal of a functional 
group from the coal: 
distinct gas species. Each process assumes a first order reaction, 

evolution as a part of a tar molecule and evolution as a 
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dWi(gas)/dt  - kiWi(char), 

where, dWi(gas)/dt is t h e  r a t e  of evo lu t ion  of s p e c i e s  i i n t o  the gas  phase, ki is 
i t s  r a t e  constant  and Wi(char) is t h e  f u n c t i o n a l  group source remaining i n  t h e  
char .  
tar ,  according t o ,  

Note t h a t  Wi(char) a l s o  is decreased by evo lu t ion  of t he  source wi th  the  

dWi(tar)/dt - ktar Wi(char). ( 2 )  

The reduct ion Of Wi(char) is thus,  

-dWi(char)/dt = dWi(gas)/dt  + dWi(tar)/dt  (3)  

The k i n e t i c  r a t e s ,  k i  and ktar. f o r  each f u n c t i o n a l  group employs a d i s t r i b u t e d  
a c t i v a t i o n  energy of t h e  form used by Anthony et a l .  (2) .  

The Depol~rlzarioPVaporization~rossli~~ (DVC) Model 

The Depolymerization-Vaporization-Crosslinking model has been descr ibed i n  a 
number of pub l i ca t ions  (12.13.33-36). It p r e d i c t s  t he  tar y i e ld ,  t he  tar  molecular 
weight d i s t r i b u t i o n .  t h e  char  y i e l d ,  t h e  char  molecular weight d i s t r i b u t i o n ,  t h e  
e x t r a c t  y i e l d  and t h e  c r o s s l i n k  densi ty .  

DVC Model Development - The model had i t s  beginning i n  a s tudy of polymers 
r ep resen ta t ive  of s t r u c t u r a l  f e a t u r e s  found i n  c o a l  (33). 
study w a s  t o  develop a n  understanding of coa l  py ro lys i s  by s tudying a s impler ,  more 
e a s i l y  i n t e r p r e t a b l e  system. 
experiments i n  which tar amounts and molecular weights were measured. A theory was 
developed t o  desc r ibe  t h e  combined e f f e c t s  of :  i) random bond cleavage i n  long 
polymer chains  ( s imi la r  t o  Gavalas e t  a l .  (39)) ,  il) molecular weight dependent 
vapor i za t ion  of t h e  fragments t o  produce tar  ( s i m i l a r  t o  Unger and Suuberg ( 4 ) ) .  
and iii) a l i m i t a t i o n  on t h e  number of breakable  bonds which depended on t h e  
a v a i l a b i l i t y  of donatable  hydrogens to cap the  f r e e  r a d i c a l s  formed by t h e  
cleavage. 

The ob jec t ive  of t h a t  

The polymers were s tud ied  i n  a s e r i e s  of p y r o l y s i s  

The model was subsequently improved by Squire  e t  a l .  (35,36) by adding t h e  
chemistry f o r  the consumption of donatable  hydrogens to  cap f r e e  r a d i c a l s  a long 
with corresponding carbon-carbon double bond formation a t  t h e  donor site. In t h e  
polymers which were s tud ied ,  t h e  e thy lene  br idges were i d e n t i f i e d  as a source of 
donatable  hydrogen wi th  the  formation of a double bond between the  b r idge  carbons 
(35,361. The double bond formation was assumed t o  remove a breakable bond. This  
improvement i n  the  model removed the  donatable  hydrogen as an a d j u s t a b l e  parameter.  
It should be noted t h a t  hydroaromatic groups a r e  a l s o  a source of donatable  
hydrogen wi th  aromatizat ion of t h e  r ing .  however, f o r  s impl i c i ty .  t h e  DVC model 
assumes a l l  donatable hydrogens a r e  i n  br idges.  The model was f u r t h e r  improved by 
t h e  implementation of a Monte Carlo method f o r  performing t h e  s t a t i s t i c a l  a n a l y s i s  
of the bond breaking, t he  hydrogen consumption and the  vapor i za t ion  processes.  A 
s i n g l e  k i n e t i c  r a t e  descr ibed t h e  random bond breaking. This  k i n e t i c  r a t e  (35) 
employs an  a c t i v a t i o n  energy which is i n  agreement with resonance s t a b i l i z a t i o n  
ca l cu la t ions  (40,41) and an  o v e r a l l  rate which ag rees  wi th  previous measurements on 
model compounds (42). The rate determined f o r  t h e  breaking of e thylene b r idges  
between naphthalene r i n g s  is i n  good agreement wi th  the r a t e  f o r  tar  formation from 
coa l  (28.29). The model p red ic t ed  t h e  observed molecular weight d i s t r i b u t i o n  and 
dependence of y i e l d  with the  a v a i l a b i l i t y  of donatable  hydrogen. The r e s u l t s  for 
model polymers compared favorably wi th  many of t h e  d e t a i l s  of t a r  formation i n  
sof tening coals .  However. i n  t h e  ve r s ion  of t h e  model r epor t ed  i n  Ref. 35. t h e r e  
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was no explicit char forming reaction. 
were too heavy to vaporize and thus remained after the donatable hydrogen had been 
consumed. 

Char consisted of molecular fragments which 

Crosslinking Reactions - The next improvement in the model to be reported 
(12.13.35) was the addition of char forming repolymerization (crosslinking) 
reactions. 
dependence of the tar molecular weight distributions and yields. 
performed to define the reactions which cause crosslinking (43-45). Under the 
assumption that the crosslinking reactions may also release gas species, the 
molecular weight between crosslinks or crosslink density (estimated using the 
volumetric swelling technique developed by Larsen and co-workers (46-48)) was 
correlated with the observed evolution of certain gas species during pyrolysis. 
Likely candidates were CO2 formation from carboxyl groups or methane formation from 
methyl groups. Suuberg at al. (48) also noted that crosslinking in low rank coals 
is correlated with CO2 evolution. 
which can be stabilized by crosslinking. 
water and an ether link is also a possible reaction. 

These reactions are important in describing the rank and heating rate 
Work has been 

Both reactions may leave behind free radicals 
Condensation of hydroxyl groups to form 

For a series of chars, the loss of volumetric swelling ratio in pyridine was 
compared with CO2 evolution for a Zap, North Dakota lignite and CH4 evolution for a 
Pittsburgh Seam bituminous coal (44). The lignite reaches maximum crosslinking 
before the start of methane evolution and the Pittsburgh Seam bituminous evolves 
little COz. 
the bituminous coal appear to have similar effects on the volumetric swelling 
ratio. The results suggest that one crosslink is formed for each CO2 or CH4 
molecule evolved. 
ratio and tar yield for either coal. A correlation with water yield appears valid 
for the Zap, North Dakota lignite, but not for the Pittsburgh Seam bituminous coal. 

On a molar basis, the evolution of CO2 from the lignite and CH4 from 

No correlation was observed between the volumetric swelling 

DVC Uodel Description - In the current DVC model, the parent coal is 
represented as a two-dimensional network of monomers linked by strong and weak 
bridges as shown in Fig. 2a. It consists of condensed ring clusters (monomers) 
linked t o  form an oligomer of length **n" by breakable and non-breakable bridges. 
The clusters are repreoented by circles with molecular weights shown in each 
circle. The breakable bridges (assumed to be ethylene) are represented by single 
lines, the unbreakable bridges by double lines. "m" crosslinks are added so that 
the molecular weight between crosslinks corrqsponds to the value report,ed in the 
literature (49) for coals of similar rank. Unconnected "guest" molecules (the 
extract yield) are obtained by choosing the value of n. The ratio of ethylene 
bridges (two donatable hydrogens per bridge) to non-breakable bridges (no donatable 
hydrogens) is chosen to obtain the appropriate value for total donatable hydrogen. 
The parameters for a Pittsburgh Seam coal are presented in Table 11. 

Figure 2b shows the molecule during pyrolysis. Some bonds have broken, other 
bonds have been converted to unbreakable bonds by the abstraction of hydrogen to 
stabilize the free radicals and new crosslinks have been formed. Char formation in 
the DVC model can occur by crosslinking at any monomer to produce a two dimensional 
crosslinked network. 

Figure 2c shows the final char which is highly crosslinked with unbreakable 
bonds and has no remaining donatable hydrogen. 

The Combined PG-DVC Model 

A detailed description of the pyrolysis behavior of coal is obtained by 
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combining the DVC model with the FG model. 
and using the correlation developed for crosslinking with gas yields, it also 
determines the rate and number of crosslinks formed, assuming one crosslink is 
formed per CO2 or C84 molecule evolved, for the DVC model. 
the tar yield to the FG model, replacing what was previously an adjustable 
parameter. It also supplies the number of new methyl groups formed and the 
concentration of C2H4 and C2H2 bridges. 

The PG model predicts the gas yields, 

The DVC model supplies 

FG-DVC Model Description - The model is initiated by specifying the Functional 
Group composition and the parameters (number of breakable bridges, starting 
oligomer length n, number of added crosslinkings, m, and the monomer molecular 
weight distribution). The starting DVC molecule is represented in Fig. 2a. The 
monomers are assumed to have the average elemental and functional group composition 
given by the FG model. Each computer simulation considers a coal molecule 
consisting of 2400 monomers. The model has been programmed in Fortran 77 and run 
on an Apollo DN580 computer. 

Once the starting coal molecule is established, it is then subjected to a 
time-temperature history made up of a series of isothermal time steps. During each 
step, the gas yields, elemental composition and functional group compositions are 
computed using the FG modpl. 
molecule during a time step, the number of crosslinks formed is determined using 
the FG model, and then input to the DVC model. These crosslinks are distributed 
randomly throughout the char, assuming that crosslinking probability is 
proportional to the molecular weight of the monomer. Then the DVC model breaks the 
appropriate number of bridging bonds (assuming a distribution of activation 
energies for the bond breaking rates) and calculates the quantity of tar evolved 
for this time step using the vaporization law. The modified expression of Suuberg 
et al. (14) is now employed for the vaporization law rather than that of Unger and 
Suuberg (4). A fraction of the abstractable hydrogen is used to stabilize the free 
radicals formed by bridge breaking and the appropriate fraction of breakable 
bridges is converted into (unbreakable) double-bonds. Tar formation is complete 
when a l l  the donatable hydrogen is consumed. A typical simulation for a complete 
time temperature history takes about ten minutes. 

To determine the change of state of the computer 

Internal Transport Limitations - When comparing the predictions of the model 
to available data it was found that tar yields were overpredicted when 
devolatilization occurred at low temperatures. This was observed for either low 
heating rate experiments (28) or experiments with rapid heating to relatively low 
temperatures (9). As discussed in the Results Section, it appears that the lower 
yields were the result of the additional transport limitations within the particle. 
This limitation can be: i) the transit of bubbles containing tar from the interior 
of the particle to the surface; ii) the transport of tars within the liquid to the 
bubble; iii) the stirring action of the bubble. In the absence of sufficient 
information to accurately model these processes, the simple assumption was made 
that tars are carried out of the particle at their equilibrium vapor pressure in 
the light devolatilization products. 

Then, 

(4) 

where (dni/dt)tr is the transport rate for tar component i. of number in the 
particle ni. (dni/dt)chem is the rate of production of component i. Po is the 
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ambient pressure, P i is the equilibrium vapor pressure for component i (given by 
Suuberg et al. (14)8 and AP is the average pressure difference in the particle 
which drives the transport. 
metaplast. 
considered the upper limit to this rate where Po>> 
Eq. 1 can be determined by the combined PG-DVC model. 

X, is the mole fraction of component i in the 
For the highly fluid Pittsburgh Seam bituminous coal, we have 

Then all the terms in AP. 

The net rate for tar transport is calculated by assuming that the resistance 
to internal and external transport occur in series. 
proportional to the coal's viscosity and so. will become important for less fluid 
coals. 

For melting coals AP is 

It is also important when Po is small. 

Summary of FG-DVC Model Assumption - Assumptions a-c are made for the FG 
model and d-n for the DVC model. 

(a) Light gas species are formed from the decomposition of specific 
functional groups with rate coefficients which depend on the functional group but 
are insensitive to coal rank. The evolution rate is first order in the remaining 
functional group concentrations in the char. The rates follow an Arrhenius 
expression with a Gaussian distribution of activation energies (2,26.27).  

(b) Simultaneous with the production of light gas species, is the thermal 
cleavage of bridge structures in the coal to release molecular fragments of the 
coal (tar) which consist of a representative sampling of the functional group 
ensemble. The instantaneous tar yield is given by the DVC model. 

(c) Under conditions where pyrolysis products remain hot (such as an 
entrained flow reactor), pyrolysis of the functional groups in the tar continues at 
the same rates used for functional groups in the char, (e.$., the rate for methane 
formation from methyl groups in tar is the same as from methyl groups in the char). 

(d) The oligomer length, n. the number of crosslinks, m, and the number of 
unbreakable bonds are chosen to be consistent with the coal's measured extract 
yield, crosslink density and donatable hydrogen concentration. 

(e) The molecular weight distribution is adjusted to best fit the observed 
molecular weight distribution for that coal, measured by pyrolysis of the coal (in 
vacuum at 3OC/min to 450-C) in a FIMS apparatus (50). Molecular weights 106, 156. 
206, 256. 306, 356 and 406 (which are 1,2,3.4.5,6 and 7 aromatic ring compounds 
with two methyl substituents) are considered as representative of typical monomer 
molecular weights. 

(f) During pyrolysis, the breakable bonds are assumed to rupture randomly at 
a rate k. described by an Arrheniua expression with a Gaussian distribution of 
activation energies. Each rupture creates two free radicals which consume two 
donatable hydrogens to stabilize and form two new methyl groups. 

(g) hro donatable hydrogens (to cap free radicals) are available at each 
breakable bridge. 
into an unbreakable bridge by the formation of a double bond. 

The consumption of the donatable hydrogen converts the bridge 

(h) 

(i) 

Tar formation continues until all the donatable hydrogens are consumed. 

During pyrolysis. additional unbreakable crosslinks are added at a rate 
determined by the evolution of CH4 and COz. 
evolved molecule. 

One crosslink is created for each 
The rate of CH4 and CO2 evolution is given by the PG model. 
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( j )  
attachment on any one monomer being proportional to the molecular weight of the 
monomer. 

(k) 

The crosslinks are distributed randomly. with the probability of 

Tar molecules are assumed to evaporate from the surface of the coal 
particle at a molecular weight dependent rate controlled by evaporation and gas 
phase diffusion away from the particle surface. 
et al. (14) are employed. 

The expressions derived by Suuberg 

(1) Internal transport resistance is assumed to add to the surface transport 

This appears to be the step most in need 
resistance. 
transport resistance in softening coals. 
of further work. 

A simple empirical expression (Eq. 4) was used to describe bubble 

(m) Extractable material (in boiling pyridine) in the char is assumed to 
consist of all molecules less than 3000 AMU. 
the solvent and extract conditions. 

This can be adjusted depending on 

(n) The molecular weight between crosslinks, M, is computed to be the total 
molecular weight in the computer molecule divided by the total number of 
crosslinks. 
considered. 

This assumption will underestimate Mc since broken bridges are not 

RESULTS 

The model predictions have been compared to the results obtained from a number 
of experiments on the pYrOlYSis of a Pittsburgh Seam coal at AFR and MIT 
(2,3,9,28). The coal composition parameters are presented in Tables I and 11. It 
should be noted that different samples of Pittsburgh seam coal from different 
sources were employed. While the elemental compositions were similar, extract 
yields varied substantially depending on the sample source. 
was chosen to fit an extract yield of 30%. 
slightly from predictions for other samples, but the predicted rates should be 
sample independent. 
molecular weight distributions, extract yields and volumetric swelling ratio. 

Volatile and Extract Yields 

The oligomer length 
It is expected that yields may vary 

Comparisons are considered for gas yields, tar yields, tar 

Extensive comparisons of the FG model with gas yields have been presented 
previously (27-29) and won’t be repeated here. The Functional Group parameters and 
the kinetic rates for the Pittsburgh Seam coal are those published in Ref. 28. The 
methane parameters for the Pittsburgh Seam coal were adjusted (methane X-L = 0.0, 
methane-L = 0.02, methane-T - 0.015, unchanged) to better match yield of Refs. 2 ,  
27 and 28 (see Fig. 2Oc in Ref. 28). 
aliphatic rate in Ref. 28 applies to the observed gas species (paraffins, olefins, 
c2H6, C2H4) only. The aliphatic material in the %-aliphatic group is assumed to 
be made up of bridges which volatilize only when attached to a tar molecule (i-e., 
&idge = 0). 
with crosslinking. The C02 yields are not considered in this paper since they are 
too low in the Pittsburgh Seam coal to cause significant crosslinking. 

A second modification is that the ax- 

Results for methane are considered because the methane is associated 

Figure 3 compares the FG-DVC predictions to the data of Fong et al. (9) on 
total volatile yield and extract yield as a function of temperature in pyrolysis at 
0.85 A M .  
approximately 50o0C/sec, variable holding times and rapid cool down. 
predictions at the tvo higher temperature8 (3c and 3d) are in excellent agreement 

The experiments were performed in a heated grid at heating rates of 
The 
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with the data. Having fixed all the rates and functional group compositions based 
on previous work, the only adjustable parameters were the number of labile bridges 
(which fixes the donatable hydrogen concentration) and the monomer distribution, 
assumed to be Gaussian. The predictions for the two lower temperatures were not 
good when internal transport limitations were neglected. The dashed line in Fig. 
3a shows the predicted yield in the absence of internal transport limitations. 
predicted ultimate yield is clearly too high. 
are not a result of unbroken bonds (which would result from a lower bond breaking 
rate), since the extract yields at low temperatures are equivalent to those at the 
higher temperatures. 
transport limitation. 

The 
The data suggest that the low yields I 

I 

The low yields thus appear to be a result of an additional 

Equation 4 was employed for the internal transport resistance and the number 
of labile bridges were readjusted for the 1018'K case. 
solid lines in Fig. 3. 
pyrolysis occurs at low temperatures and lFht dni/dt is small. 
important for the 1018K and 992K cases, makfng only a small difference in the 
predicted yields. 

The predictions are the 
The internal transport limitation is important when 

It is much less 

There still is a discrepancy between the prediction and the data at early 
times for the two lower temperatures (Figs. 3a and b). While it is possible that 
the rate k for bond breaking is t o o  high, adjustment of this rate alone 
significantly lowers the extractable yield, since the lower depolymerization rate 
is closer to the methane crosslinking rate. In addition, both the methane and 
depolymerization rates appear to be in good agreement with the data at even lower 
temperatures, as shown in Fig. 4 (discussed below). 
the coal particles heat more slowly than the nominal temperatures given by Fong et 
al. ( 9 ) .  
would heat more slowly than isolated particles, by reduction in the convective heat 
transfer due to the volatile evolution (blowing effect), or by endothermic tar 
forming reactions. A firm conclusion as to the source of the discrepancy cannot be 
drawn without further investigation. 

Another possibility is that 

Such an effect could be caused by having some clumps of particle which 

It is  also seen in Figs. 3a and b that the crosslinking rate is higher than 
predicted. 
tar formation, which is not yet counted in the model, or to other crosslinking 
events not considered. These possibilities are currently under investigation. 

This can be due to additional methane from methyl groups created during 

Figure 4 presents comparisons of devolatilization yields at slow (30"C/min), 
heating rates in a thermogravimetric analyzer with Fourier transform infrared 
analysis of evolved products (TG-FTIR). 
(51). 
The agreement validates the assumed rates for depolymerization and crosslinking 
produced by at low temperatures. Also, the use of Eq. 4 appears to predict the 
appropriate drop in tar yield (maximum value 17%) compared to 30% when 
devolatilization occurs at high temperature. 

Pressure Effects 

This reactor has been previously described 
The model predictions and experimental results are in excellent agreement. 

The predicted effect of pressure on the tar molecular weight distribution is 
The average molecular weight and the vaporization 

The spectra 

illustrated in Figs. Sa and b. 
"cut-off" decrease with increasing pressure. 
observed tar molecular weight distributions shown in Figs. 5c and d. 
are for previously formed tar which has been collected and analyzed in a FIMS 
apparatus (50). 

The trends are in agreement with 

The low values of intensity between 100 and 200 mass units is due 
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to loss of these components in collection and handling due to their high 
volatility. 

Pressure effects on yields have been examined. Figure 6 compares the 
predicted and measured pressure dependence on yield. 
total volatile yield data of Anthony et al. (2 )  while Fig. 6b compares to the tar 
plus liquids data of Suuberg et al. ( 3 ) .  The agreement between theory and 
experiment is good at one atmosphere and above, but of overpredicts the yields at 
low pressure. Below one atmosphere, it is expected that A P  within the particle 
will become important compared to the ambient prepure, Po. 

Figure 6a compares to the 

CONCLUSIONS 

A general model for coal devolatilization which combines a functional group 
model for gas evolution and a statistical model for tar formation has been 
presented. The tar formation model includes depolymerization, vaporization, 
crosslinking and internal transport resistance. The crosslinking is related to the 
formations of CO2 and CH4 species evolution, with one crosslink formed per molecule 
evolved. The predictions of the tar formation model are made using Monte Carlo 
methods. 

The general model predictions compare favorably with a variety of data for the 
devolatilization of Pittsburgh Seam coal, including volatile yields, extract 
yields, and tar molecular weight distributions. 
devolatilization temperature were accurately predicted. While film diffusion 
appears to limit surface evaporation and the transport of tar when devolatilization 
occurs at high temperatures, internal transport appears to become dominate when 
devolatilization occurs at low temperatures. 

The variations with pressure and 
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Figure 3. Comparison of FG-DVC Model Predictions (lines) with the Data of i 
Fong et a1 (9) (symbols) for Pittsburgh Seam Coal. 
@ 446Ws. c) 992K @ 514Ws and d) 1018K @ 640k/s. P=0.85 atm. 
Dashed Line in a Shows the Predicted Yield in the Absence of Internal 
Transport Limitations. 

a) 813K @ 470 k/s, b) 8583 
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Figure 4. Comparison of Measured (solid line) and Predicted (dashed line) 
Volatile Yields for Pittsburgh Seam Coal Heated in Helium in a TG-FTIR at 
O.S"C/sec to 900°C. a) Weight Loss, b) Tar Plus Aliphatics, and c)  Methane. 

Labile bridges 
Nuclei (ring clusters) 
Peripheral groups 
Donatable hydrogens 
No. of crosslinks in coal 
Oligomer length 
No. of potential 

No. of potential 
crosslink sites (C02) 

crosslink sites (CHq) 

Labile bridges 
Xonomers 
Gas 
Tar 

Non-labile bridges 

TABLE XI 

PARAKETEES FOR DVC MODEL a m  

w1 (Wt.%) 9.6 
W2* from FG model (wt.%) 56.2 
Wg from FG model (wt.%) 34.2 
(2/28)W1 0.68 
m #/monomer 0.095 
n #/oligomer 8 

a #/monomer 

b Illmonomer 

nomcIILhB YEIGBTS 

0.07 

0.42 

Fixed at 28 28 
Distribution' Mavg, (6) 256,(250) 
Prom FG model 
Predicted in model 

Fixed at 26 26 
from vaporization law 

* Carbon in aromatic rings plus non-labile bridges 

+ Gaussian'Distribution 
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Figure 5. Comparison of Predicted (a and b) and Measured (c and d) Tar 
Molecular Weight Distribution for Pyrolysis of a Pittsburgh Seam Coal in a 
Heated Grid Apparatus at a Heating Rate of 500°C/sec to 550OC. Figure a 
and 
and d Compare the Prediction and Measurement at 0.4 MPa. 

c Compare the Prediction and the Measurement at 267 Pa. Figure b 

104 10.3 10' 10" 100 10' Id 103 
Helium I'm-. ATM 

Figure 6. 
Function of Pressure. 
and b) Tar Plus Liquids vs. Pressure Data from Suuberg et al. (3). 

Comparison of Measurement and Prediction of Product Yields as a 
a) Volatile vs. Pressure (data form Anthony et a1.(2)) 
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KINETIC MODELING OF COAL PYROLYSIS I N  A LAMINAR-FLOW REACTOR SYSTEM 
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Southern I l l i n o i s  Un ive rs i t y  a t  Carbondale 

Carbondal e, I 1  1 i n o i s  62901-6603 

INTRODUCTION 

J 

There w i l l  soon be an in tense competit ion i n  the energy marketplace among o i l ,  
natura l  gas. coal, nuclear f i s s i o n  and the newly developing a l te rna t i ves  o f  solar, 
wind and waste u t i l i z a t i o n .  The charge t o  the energy-entrepreneurs i s  t o  i n t e n s i f y  
t h e i r  search t o  recognize and e x p l o i t  the most economical and techn ica l l y  expedient 
manner o f  convert ing these raw energy sources i n t o  acceptable forms f o r  the p u b l i c ' s  
use. 

Coal w i l l  c e r t a i n l y  p lay  a leading r o l e  i n  supplying the fu tu re  energy needs 
o f  t h i s  nat ion 's  i n d u s t r i a l  and commercial ventures. But coal i s  an extremely 
complex heterogeneous mater ia l ,  composed o f  a number o f  d i s t i n c t  organic e n t i t i e s ,  
c a l l e d  macerals. and inorganic,minerals. Coals from d i f f e r e n t  coal seams and even 
from separated points  i n  the same seam o f t e n  behave q u i t e  d i f f e r e n t l y  i n  a 
g a s i f i c a t i o n  reactor  because o f  the unique associat ions o f  the maceral and mineral 
species i n  the  coal matr ix. 

water i s  r a p i d l y  evolved. This drying mechanism i s  usua l l y  modeled as being 
independent o f  the other  subsequent reactions; however, i n t u i t i o n  says t h a t  a severe 
d ry ing  ac t i on  could a l t e r  the p a r t i c l e ' s  surface cha rac te r i s t i cs  which i n  t u r n  would 
s i g n i f i c a n t l y  a l t e r  the l a t e r  d e v o l a t i l i z a t i o n  and g a s i f i c a t i o n  reactions. As the 
dry coal p a r t i c l e  i s  then r a p i d l y  heated, bound water, carbon oxides and hydrocarbon 
fragments are thermally cleaved f r o m  the coal ' s  organic ma t r i x  and evolves i n t o  the  
surrounding gas phase. The amount and composition o f  t h i s  " v o l a t i l e  matter" a re  
s i g n i f i c a n t l y  con t ro l l ed  by the heat and mass t rans fe r  condi t ions i n  t h a t  py ro l ys i s /  
d e v o l a t i l i z a t i o n  zone. The physical seve r i t y  o f  those d e v o l a t i l i z a t i o n  reactions, 
sometimes resembling mini-explosions. d r a s t i c a l l y  a f f e c t s  the r a t e  o f  the subsequent 
char-gasi f i  c a t i  on reactions. 

Today's most commercial ly-successful coal g a s i f i c a t i o n  processes completely 
sha t te r  the coa l ' s  organic s t ruc tu re  i n t o  blends o f  carbon monoxide and hydrogen, 
syngas mixtures t h a t  can be reassembled i n t o  a va r ie t y  o f  desired gaseous and 
l i q u i d  products (1). Although proven t o  be techn ica l l y  and economically f eas ib le  i n  
the present energy-market atmosphere, t h a t  dest ruct ion and reconst ruct ion method o f  
conver t ing coal t o  useful energy and feedstock forms m a y  not  have the h ighest  
thermodynamic e f f i c i e n c y  compared t o  other  yet-to-be commercialized coa lkonvers ion  
mechanisms. I n  a r e t u r n  t o  the  con t ro l l ed  des t ruc t i ve  d i s t i l l a t i o n  o f  t he  o l d  coke- 
making era, research emphasis i s  now re-examining low-temperature, "mi ld  
gas i f i ca t i on "  methods which can s k i l l f u l l y  carve a s u i t e  o f  des i rab le products from 
the  coal -s t ructure,  such as spec i f i c  specie blends o f  gaseous feedstocks and/or 
h igh l y  aromatic condensibles, along w i t h  special ly-formed chars (2). 

I n  order t o  recognize the most expedient paths t o  perform these se lec t i ve  
coal - rad ica l  s l i c i ng ,  one must understand f u l l y  the i nd i v idua l  py ro l ys i s /  
d e v o l a t i l i z a t i o n  reactions o f  t h a t  p a r t i c u l a r  coal. A laminar f l ow  reactor  has some 
advantages i n  studying coal devo la t i l i za t i on .  such as prec ise con t ro l  o f  
experimental condi t ions l i k e  the f low r a t e  and composition of the ca r r i e r - reac tan t  
gas. Also, both the  reactor  temperature and p a r t i c l e  residence time can be e a s i l y  

When the coal p a r t i c l e  i s  f i r s t  i n j e c t e d  i n t o  the ho t  gas i f i e r ,  the associated 
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varied t o  evaluate the e f f e c t s  o f  changes o f  the heating ra te  o f  the coa l -pa r t i c l e .  
There are a l so  disadvantages t o  analyzing the data from such a laminar-f low reactor  
system, mainly associated w i th  the need t o  mathematically compute the p a r t i c l e  
temperature and then t o  i s o l a t e  the chemical r e a c t i v i t y  from the  mass t rans fe r  
resistances. Many o f  the o r i g i n a l  s tud ies using laminar-f low reactors  used ra the r  
high temperatures where the p a r t i c l e  heatup t ime was neg l i g ib le .  This permitted t h e  
p a r t i c l e s  t o  be considered a t  steady-state temperature f o r  the e n t i r e  p a r t i c l e  
residence time i n  the  reactor. However, studies o f  t he  coal d e v o l a t i l i z a t i o n  i n  t h e  
650' t o  l l O O ° K  range i n  i n e r t  o r  non- ign i t ing atmospheres reveal s i g n i f i c a n t  time- 
lags before d e v o l a t i l  i z a t i o n  weight- loss s tar ts .  

I n  t h i s  presentation, experimental weight-loss data from the d e v o l a t i l i z a t i o n  
treatment o f  a Her r i n  ( I l l i n o i s )  No. 6 coal i n  a laminar-f low laboratory  reactor 
are examined and the observed reac t i on  behavior are used t o  o u t l i n e  c r i t e r i a  f o r  a 
coal -pyro lys is  k i n e t i c  model. 

EXPERIMENTAL REACTOR SYSTEM 

The concept o f  the laminar-f low reactor  design derives from those used by 
Eadzioch and Hawksley (3). Kobayashi (4) .  Nsakala e t  a l .  ( 5 )  and Agreda e t  a l .  
(6). Mod i f i ca t i ons  were made i n  the design o f  t h e  coal-feed i n l e t  and the 
ex i t i ng -so l i ds  c o l l e c t o r  tube t o  p e r m i t  a smooth 0.46 gm/min f l ow  o f  coal 
sol ids, t o  expose the  so l i ds  t o  reactor  temperatures up t o  1073'K w i t h  p a r t i c l e  
residence times up about 400-500 msec, and t o  c o l l e c t  and qu ick l y  quench-cool 
the coal-char s o l i d s  immediately as they leave t h e  hot-zone o f  t h e  reactor. This 
reactor system, described i n  d e t a i l  by Wu ( 7 )  and Moslehi (8). i s  i l l u s t r a t e d  i n  
Ffgure 1. 

I n  t h i s  reac to r  system, the hot nitrogen-gas stream enters the top  head o f  
the reactor  i n t o  the  shell-annulus surrounding t h e  coal-feeder t i p .  This gas i s  
then d i rec ted  down i n t o  the main reactor  tube chamber through a f low- 
s t ra ightener  formed from a 3.8 cm (1.5-inch) t h i c k  disk o f  Corning "Macor" 
machineable glass-ceramic through which 2.2 mn diameter holes were d r i l l e d  t o  
form a 38% voidage r a t i o  across the primary gas f l ow  region. The v e r t i c a l  
reactor chamber body was formed o f  a nominal two-inch, Schedule 40, Type 316 
s ta in less-s tee l  tube twenty inches 1 ong surrounded by a tube furnace. A f t e r  
passing through the heated reactor  zone, the s o l i d s  enter  the t h r o a t  o f  t he  
char-so l ids c o l l e c t o r  where a cool - f lush o f  n i t rogen f lowing inward through a 
permeable s in te red  s ta in less-s tee l  tube a t  the c o l l e c t o r  t i p  qu i ck l y  quench- 
cools the  s o l i d - p a r t i c l e  and d i l u t e s  the  surrounding reac t i ve  gases. The s o l i d s  
are separated i n  mini-cyclones and the condensible and permanent gases co l l ec ted  
f o r  quan t i f i ca t i on  and analysis. The c o l l e c t o r  assembly tube was designed w i t h  a 
s l i p - j o i n t  around i t s  outs ide diameter so t h a t  t he  uppermost t i p  o f  the 
c o l l e c t o r  could be pos i t ioned a t  any desired distance below the c o a l - i n l e t  
feeder t i p .  Thus, the coal p a r t i c l e  reac t i on  path-length, which determines the 
p a r t i c l e  rgsidence time, can be var ied from almost zero t o  more than 50 cm. 

The Her r i n  ( I l l i n o i s )  No. 6 coal used i n  the experiments was ext racted from 
a west-central I l l i n o i s  underground mine and had a dry-analysis o f  43.3% 
v o l a t i l e  matter, 9.8% ash and 46.9% f i x e d  carbon, along w i t h  a 4.2% t o t a l  s u l f u r  
content. The coal was vacuum-dried and ground t o  an average p a r t i c l e  diameter o f  
about75 micrometers before being fed t o  the reactor .  The operat ing condi t ions 
o f  the reactor  du r ing  the processing o f  t h i s  coal are l i s t e d  i n  Table 1. 

EXPERIMENTAL RESULTS AN0 DISCUSSION 

The p y r g l y s i s  react ions were examined a t  t h ree  reactor  temperatures; 450'. 
600' and 800 C; and a t  three p a r t i c l e  f l ow  path lengths; 10, 20 and 30 cm. The 
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t o t a l  residence times o f  the coal-part ic les,  computed using the reac tor  
operat ing condi t ions e x i s t i n g  a t  these nine temperature-length combinations, are 
l i s t e d  i n  Table 1, the values ranging from 137 t o  473 msec. The o v e r a l l  weight- 
loss  data from these experiments, computed by an ash-content balance and 
expressed on a dry ash-free basis, are shown i n  Figure 2. The reasoning and 
procedures o f  a l l  the  computational analyses have been de ta i led  by Wu (7) and 
Moslehi (8). 

It can be seen i n  Figure 2 t h a t  f o r  a given temperature, the weight l o s s  
increases w i t h  time almost exponent ia l ly ,  approaching a maximum value. This 
maximum weight l o s s  value i s  d e f i n i t e l y  a func t ion  o f  temperature, w i t h  a value 
i n  the upper 40% ( d a f  weight loss)  approached at'600°C, wh i le  the maximum weight 
l o s s  a t  800°C i s  i n  the upper 50% range. 

A1 though the f ive-stage succession o f  d e v o l a t i l i z a t i o n  react ions d e t a i l e d  
by Suuberg e t  a l .  (9 )  i s  probably the most chemically r e a l i s t i c ,  the s ingle- 
reac t ion  f i r s t  order decomposition model discussed by Howard (10) can be 
u t i l i z e d  i n  approximating the coa l ' s  d e v o l a t i l i z a t i o n  behavior f o r  quick 
comparison w i t h  those described i n  previous 1 i te ra tu re- repor ted  studies. This 
model i s  s ta ted  as; 

dW/dt = k ( W* - W 1). 

where W represents the weight-loss o f  the  c o a l - p a r t i c l e  (expressed on a dry ash- 
f ree  basis)  and W i s  the weight 103s a f t e r  an I n f i n i t e  exposure time a t  the 
reac t ion  temperature, gas f low r a t e  and other operat ing condi t ions.  Badzioch and 
Hawksley ( 3 )  and o ther  inves t iga tors  r e a l i z e d  t h a t  there was n e g l i g i b l e  weight 
loss  u n t i l  the dry coal p a r t i c l e  was heated t o  about the 300°-to-5000C 
temperature range where the weight loss  react ions became s i g n i f i c a n t .  They 
incorporated a p a r t i c l e  heat ing time i n t o  t h e i r  model; 

Total Time = Heatup Time + Reaction Time. 2). 

I n  order t o  s i m p l i f y  the mathematics, they assumed there  t o  be no react ions 
tak ing  place dur ing t h i s  heatup time, even though the p a r t i c l e  would be heat ing  
s lowly through the e n t i r e  d e v o l a t i l i z a t i o n  temperature range up t o  the  steady- 
s t a t e  temperature o f  the reactor. 

o f  the temperature and v e l o c i t y  f low i n  a s i m i l a r  laminar-flow reactor,  which 
were modif ied and used by Agreda e t  a l .  (6) and Felder and coworkers (11) i n  
t h e i r  studies, p a r t i c l e  heatup times were computed t o  be i n  the  range o f  24 t o  
27 msec f o r  the three experimental reac tor  temperatures. The values o f  the 
pseudo r a t e  constant, k , yie lded a reasonably s t r a i g h t  l i n e  on an Arhennius 
p l o t .  This experimental data cor re la tes  by the expression; 

. 

Using the re la t ionsh ips  derived by Kobayashi ( 4 )  i n  a mathematical ana lys is  

k = ko exp (-E/RT) 3). 

w i t h  the pre-exponential factor,  ko , being equal t o  16035 sec- l  and t h e  
apparent a c t i v a t i o n  energy, E, being equal t o  68.12 KJ/mole (16.27 kcal/mole). 
This a c t i v a t i o n  energy value compares q u i t e  we l l  w i t h  the r e s u l t s  found by 
Felder e t  a l .  (11) who, when d e v o l a t i l i z i n g  a western Kentucky No. 11 coal i n  a 
s i m i l a r  reac tor  system, found the value o f  the  apparent a c t i v a t i o n  energy t o  be 
80 KJ/mole (19.12 kcal/mole). 

For use as a comparison w i t h  the experimental r e s u l t s  of t h i s  study as 
shown i n  Figure 2, the  d e v o l a t i l i z a t i o n  weight loss  data reported by Felder e t  
a l .  (11) f o r  the western Kentucky Seam No. 11 coal i s  p l o t t e d  i n  Figure 3. It 
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should be noted t h a t  t he  western Kentucky coal Seam No. 11 i s  be l ieved t o  have 
been deposited i n  the same geological t ime-period aa the Her r i n  ( I l l i n o i s )  No. 6 
seam. The l i n e s  sketched i n  both Figures 2 and 3 are merely t o  depic t  a trend- 
connection o f  t he  points ,  n o t  t o  suggest a s p e c i f i c a l l y  derived model path. 

The 45OoC and the 600' weight-loss l i n e s  o f  Figure 2 ,  along w i t h  the 600° 
l i n e  o f  Figure 3 .  demonstrate t h a t  there i s  a d e f i n i t e  e f f e c t  o f  reactor 
temperature on the  heat ing t ime o f  the p a r t i c l e .  The mathematical analys is  o f  
Kobayashi ( 4 )  used t o  approximate the p a r t i c l e  heatup t i m ?  i n  t h i s  study was 
o r i g i n a l l y  der ived f o r  coal devo la t i l  i z a t i o n  a t  much higher reactor  temperatures 
than those o f  these experiments. Both the  800' l i n e s  i n  F igure 2 and 3 could 
approach zero reac t i on  w i t h i n  the  20-30 msec range p red ic ted  by the  Kobayashi 
re la t i onsh ip .  A t  the lower temperatures, however, t he  onset o f  d e v o l a t i l i z a t i o n  
i s  much a f fec ted  by reac to r  temperature as we l l  as by other  reactor  operating 
condit ions. The Felder e t  a l .  data f o r  t he  600' experiments i n  F igure 3 i nd i ca te  
t h a t  no weight l o s s  occurred f o r  almost 200 msec. whi le  a t  600° i n  t h i s  study, 
t he  react ions seem t o  have s t a r t e d  before 100 msec. 

Note a l so  t h a t  reac to r  operat ing condit ions, o ther  then the temperature 
e f fec t ,  seem t o  cause d i f f e rences  i n  the maximum asymptotic weight loss a t  each 
reactor temperature. I n  t h i s  study a t  6OO0C, the maximum daf weight loss was 
around 40%. wh i l e  the 600' l i n e  i n  Figure 3 was l e v e l i n g  i n  the 15% range. A t  
800°C t he  data i n  F igure 3 demonstrated a maximum weight l o s s  o f  around 49%. 
which was about 1.11 t imes the  ASTM Proximate Analysis V o l a t i l e  Matter o f  t h a t  
coal. I n  the study repor ted i n  t h i s  paper, the coa l ' s  weight l o s s  a f t e r  300 msec 
had reached almost 60% (1.24 times the ASTM Proximate V o l a t i l e  Mat ter )  and the 
maximum weight- loss asymptote had not been reached. 

temperatures suggests the  v a l i d i t y  o f  t he  "mu l t i p le  react ions"  model develo ed 

the  600' data appear t o  be approachiQg u l t ima te  W 'values t h a t  are very close 
together, wh i l e  the 800°C value o f  W i s  more than 20% higher. The data o f  
Felder e t  a l .  (11 )  i n  F igure 3 ind icates t h a t  the maxipum weight l oss  W* a t  
800°C i s  almost three times l a r g e r  than the value o f  W a t  600'. w i t h  weight 
loss curve a t  7OO0C s t i l l  increas ing a f t e r  1000 msec o f  react ion exposure time. 
Suuberg e t  a l .  ( 9 )  i n  t h e i r  l i s t i n g  o f  t he  f i v e  stages o f  d e v o l a t i l i z a t i o n  
states t h a t  carbon oxides, hydrocarbons, t a r  and hydrogen are released i n  the 
fou r th  stage from 700' t o  900°C. It would be l o g i c a l  t o  suggest t h a t  the 
react ions occurr ing i n  t h i s  temperature range would be s t rongly  in f luenced by 
va r ia t i ons  i n  t h e  mass and heat t rans fe r  mechanisms caused by d i f ferences 
between reactor  operat ing condit ions. A1 so, the primary v o l a t i l e  hydrocarbon 
species being evolved i n  t h i s  temperature range would be susceptible t o  
secondary decomposition and/or cracking reactions. Thus, the py ro l ys i s  react ion 
chain probably inc ludes a complex mix o f  both p a r a l l e l  and successive reactions. 

An examination o f  t he  approached asymptotes o f  W* a t  the various 

by several i nves t i ga to rs  and discussed by Howard 410) .  I n  Figure 2, the 450 1 and 

CONCLUSIONS 

A Herr in  ( I l l i n o i s )  No. 6 coal was devo la t i l i zed  i n  n i t rogen i n  a laboratory  
laminar  f l ow  reac to r  system. The reactions took place a t  450'. 600' and 8OO0C f o r  
reac t i on  residence t imes ranging f r o m  130 t o  480 msec a t  Reynolds Numbers o f  235 
-308. The experimental data can bg reasonably approximated by a s ing le react ion 
deco p o s i t i o n  model; dW/dt = k ( W  - W ) ;  w i t h  the pre-exponential found t o  be 16035 
sec-' and the apparent a c t i v a t i o n  energy being equal t o  68.12 KJ/mole (16.27 kca l /  
mole). This reac to r  system stimulates a ra ther  e f f i c i e n t  react ion as evidenced by 
the  f a c t  that, a f t e r  on l y  300 msec exposure a t  800°C, t he  coa l ' s  weight l oss  had 
reached almost 60% (1.24 times the ASTM Proximate Analysis V o l a t i l e  Matter) and t h e  
maximum weight- loss asymptote had not been reached. 
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A t  the lower temperatures o f  t h i s  experimental study, 450' through 600°C. 
knowledge o f  the p a r t i c l e  heatup t ime i s  q u i t e  important. Estimates by previous 
i nves t i ga to rs  o f  the time-period before the  "onset o f  d e v o l a t i l i z a t i o n  weight 
loss"  occurs were subs tan t i a l l y  smaller than the actual experimental values 
observed i n  t h i s  study. There i s  considerable evidence t h a t  the p a r t i c l e  heat ing 
ra te  and the f l ow  condi t ions w i t h i n  the reactor  system have a s i g n i f i c a n t  
bearing on no t  only the  py ro l ys i s  rate, b u t  a l so  on the maximum weight l o s s  o f  
the coal which could be achieved a t  each reactor  exposure temperature. Also, 
impl icat ions are t h a t  t he  ove ra l l  d e v o l a t i l i z a t i o n  i s  both a p a r a l l e l  and a 
successive ser ies o f  reactions, each in f luenced by the i n t e r r e l a t e d  mass and 
heat t rans fe r  mechanisms occurr ing i n  t h a t  s p e c i f i c  reactor  system. 

v o l a t i l e  coal a t  r e l a t i v e l y  low temperatures must incorporate a considerat ion o f  
the very complex mix o f  mass and heat t rans fe r  e f fec ts .  The development o f  such 
a model i s  the next  stage o f  t h i s  cont inu ing invest igat ion.  

A p r e d i c t i v e  model usefu l  i n  representing the reac t i ve  behavior o f  high- 
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TABLE 1 

EXPERIMENTAL REACTOR OPERATING CONDITIONS 

REACTOR TEMPERATURE 
Reactor Temperature 723 K 873 K 1073 K 

( 45OoC) ( 6OO0C ( 800% 1 

Dried Coal Feed Rate (gm/min) 0.46 0.46 0.46 

Nitrogen Gas Flow Rate (L/min a t  2OoC, 1 atm) 
Main Gas Stream 20 20 
Sol ids-Carr ier  Gas Stream 1 1 

20 
1 

Combined Gas Velocity,(m/sec) 0.412 0.497 0.574 

Coal-Solids Residence Time, msec 
P a r t i c l e  Flow Path Length 

Total Gas Flow Reynolds Number 308 274 235 

10 cm 186 155 137 
20 cm 336 280 227 
30 cm 473 393 318 
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Fh4 -Flowmeter 
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The Role of Coal Devolatilization in Comprehensive Combustion Models 

B. Scott Brewster, Larry L. Baxter, and L. Douglas Smoot 

Brigham Young University, Provo, UT 84602 

Introduction 

Pulverized coal combustion is a complex interaction of several processes, including 
particle dispersion, gas-phase mixing, particle heatup and mass transfer, particle and gas 
reactions, recirculating and swirling fluid mechanics, radiative heat transfer, mineral matter 
phase transformations, and pollutant formation and destruction. Comprehensive models 
which include submodels for many of these processes have been developed by several 
investigators (1-4 to predict local conditions inside combustors. This paper focuses on the 
role of coal devolatilization submodels in such predictions. 

Previously reported studies of the effects of devolatilization kinetics on overall 
combustor characteristics have demonstrated that combustion efficiency, flame front location, 
and fluid dynamical structure, are all sensitive to devolatilization rate over the range of 
published values (5). Similar effects were noted in this study. Based on these findings, the 
rate of mass evolution during devolatilization is considered to be important to flowfield and 
particle predictions. However, devolatilization rates are currently not well established, and 
this paper will not address this issue further. 

The objectives of this paper are (1) to present theoretical resuns from an investigation 
of several thermal effects on devolatilization for single particles and in a comprehensive 
predictive model and (2) to illustrate the importance of considering chemistry/turbulence 
interactions when extending the model to allow for variable composition of the coal volatiles. 
The comprehensive model that was used is PCGC-2, eulverized Goal Gasification or 
Goombustion-2 Dimensional (axisymmetric). Thermal effects that were investigated include 
variable particle heat capacity, particle emissivity, heat of reaction during devolatilization, and 
volatiles heating value. 

Variable Particle Heat Capacity 

Merrick @) suggested the following function for coal heat capacity: 

where g1 is given by 

C" = ($0) + 2 g , ( + O ) ]  

2) 
These equations can be used for both coal and char and predict a monotonic increase in cv 
with temperature. However, because composition vanes with time, the increase in cv for a 
heating and reacting particle may not be monotonic due to changes in average atomic weight 
(6). The high temperature limit for Equation 1 is 3R/a, which agrees with principles of 
physical chemistry. 

Using Equation 1 , Merrick obtained agreement between predicted and experimental 
values within about 10% over the temperature range of the available data (0-3OO0C) for 
various coal ranks (15-357'0 volatile matter). Graphite and char heat capacities were 
correlated within 5% over the range 0-8OO0C. 
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Calculations were carried out for single particles of 40 and 100 microns and for coal- 
water-slurry to test the effect of variable heat capacity on particle temperature and 
devolatilization rate. Particle heaf capacities were calculated as the weighted sum of the 
heat capacities for raw coal, char, and ash. Gas temperature was assumed constant at 2100 
K. Constant heat capacity cases were calculated using heat capacities calculated at 350 K 
and 525 K for the coal and char components, respectively. The two-equation model was 
used for devolatilization, with coefficients suggested by Ubhayakar et al. (n. The average 
atomic weights for the coal and char were assumed to be 8.18 and 12.0, respectively, with 
the latter corresponding to pure carbon. The heat capacity of ash was taken to be (6) 

3) 
The heat capacity of the particles at constant pressure was assumed equal to the heat 
capacity at constant volume. Radiative heat transfer and particle blowing were taken into 
account. However, oxidation was neglected to more clearly illustrate the effects of heat 
capacity. 

Profiles of temperature and devolatilization rate for the 100-micron particles are shown 
in Figure 1. The gas temperature is also shown for comparison. Calculations for the 40- 
micrdn coal particles and coal-water slurry droplets showed similar effects of variable heat 
capacity during particle heatup. The initial heatup rate for the 100-pm particles is 
approximately 1.6 x 105 K/s for both constant and variable c . As particle temperature 
increases, heatup of the particle with variable cp is retarded by t i e  increasing value of cp, as 
shown in Figure la ,  resulting in a temperature difference between the two particles of as 
much as 500 degrees K. This temperature lag results in a 50 percent increase in the time 
required for particle ignition and a slight decrease in the devolatilization rate, as shown in 
Figure 1 b. The slower heatup rate during devolatilization allows a greater portion of the 
particle to devolatilize via the low-temperature reaction, thus giving an ultimate volatiles yield 
that is,approximately 5 percent lower than for the particle with constant cP, 

As shown in Figure 1 a, the heatup rate decreases markedly during devolatilization, 
due to the blowing effect. This effect was similarly predicted by Ubhayakar and coworkers 
0. The asymptotic temperature of both particles is approximately 200 degrees less than the 
gas temperature, due to radiative heat losses to the walls of the reactor, which were assumed 
to have a temperature of 1000 K. 

Calculations were also performed with the comprehensive code (PCGC-2) for 
particles with-constant and variable heat capacity. Contour plots of temperature for the 
constant and variable cp cases are shown in Figures 2a and 2b, respectively. As shown, the 
temperature fields are similar, except that the temperature is somewhat lower in the variable 
cp case. This can be seen by noting that the isotherms in Figure 2b are generally shifted 
toward the exit and centerline. The lower gas temperature was predominantly a result of the 
decrease in volatile yield from the coal. The delay in particle ignition caused by variable cp is 
also apparent in Figure 2b on the centerline at the inlet. 

The effect of variable heat capacity on total burnout is shown in Figure 3. The curve for 
variable cp is shifted to the right, resulting in a decrease of approximately 3 percent in particle 
burnout at the exit of the reactor. This effect is consistent with the delayed ignition and 
slightly slower devolatilization rate observed in the single particle calculations. Interestingly, 
the decrease in burnout is approximately equal to the decrease in ultimate volatiles yield 
predicted for the single particles, even though particle oxidation was not ignored in the 
comprehensive predictions. 

Particle Emissivity 

Total emissivities for coal particles have been reported with large variation, as 
summarized by Solomon et al. (8). Measurements by Brewster and Kunitomo (9) for micron- 
sized particles suggest that previous determinations of the imaginary part of the index of 
refraction for coal may be too high by an order of magnitude. If so, the calculated coal 

Cv = 593.3 + 0.586 T 
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emissivity for these particles based on previous values may also be too high. However, the 
experimental work of Baxter et al. (LQ) indicates that the effective emissivity of 100-micron 
coal particles of several ranks of coal at low temperatures is probably not less than 0.7. 

To investigate the sensitivity of devolatilization to coal emissivity, calculations were 
again performed for single particles and with the comprehensive code. For the single particle 
cases, emissivity was varied between 0.9 and 0.1. In the comprehensive code calculations, 
emissivity was varied from 0.9 to 0.3. The wall temperature was 1250 K in the former and 
1000 K in the latter. 

Little effect of emissivity was noted in either set of calculations. The high gas 
temperature in the single particle calculations made convectionkonduction the principal 
mode of heat transfer. In the comprehensive code simulations, the secondary air was swirled 
(swirl no. = 2). and the flow field was recirculating. Thus the particles were heated largely by 
contact with hot recirculating gases and not by radiation. In larger furnaces, or in reactors 
where the particles do not immediately contact hot gases, radiation may contribute 
significantly to particle heating, and in this case, greater sensitivity to the value of particle 
emissivity would be expected. 

Heat of Reaction 

A similar investigation was initiated on the effect of heat of reaction for devolatilization. 
Investigators disagree on both the magnitude and sign of the heat of reaction. Reported 
values range from -65.3 kJ/kg to +334 KJ/kg (6,m. Merrick (6) speculates that the source of 
the disagreement is related to the effect of ,variable heat capacity. The heat of reaction 
probably varies with coal type. However, our preliminary conclusions are that devolatilization 
calculations are insensitive to this parameter, which agrees with the conclusion of Solomon 
and Serio w. Investigation of the effect of heat of reaction is continuing. 

Volatiles Heating Value 

The. heating value of the coal volatiles must be known in order to calculate the energy 
released by gas-phase reactions. This heating value is a function of volatiles composition, 
which is a function of burnout. However, in comprehensive combustion simulations that treat 
the effects of chemistry/turbulence interactions (discussed in the next section), both heating 
value and composition of the volatiles are often assumed constant. 

The effect of variable heating value was not tested.in single particle calculations, 
because gas-phase reactions were not included in this model. The sensitivity of the 
comprehensive code to changing volatiles heating value was tested in an approximate 
manner by increasing the heat of formation of the coal. Since the volatiles enthalpy is 
calculated from a particle heat balance, and over 80 percent of the total particle mass loss 
was due to devolatilization, increasing the the heat of formation of the coal effectively 
increased the volatiles heating value. A value was chosen such that the adiabatic flame 
temperature of the coal at a stoichiometric ratio of unity was increased by about 200 K. Since 
the simulations were performed for fuel-lean (combustion) conditions, the actual gas 
temperatures increased by 50-75 K. 

The results of this investigation are shown in Figures 2 and 3. As shown in Figure 2c, 
the gas temperatures are seen to be higher with the increased heat of formation of coal. 
Otherwise the temperature fields are quite similar. The higher temperatures are due to a 
combination of higher heating value and greater volatiles yield. The latter effect dominates 
everywhere except in the near-burner region. The higher temperature significantly affects 
coal burnout, as shown in Figure 3, with a large portion of the impact coming from the volatile 
yield in the early regions of the reactor. The magnitude of the variation of the offgas heating 
value was arbitrary in this case, but is regarded as representative of actual coals and 
possibly conservative. 
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Volatiles Composition 

The variation of char and coal offgas composition with burnout has been correlated by 
both simple and complex reaction schemes (x-m. Accounting for this variation is not 
difficult for the particles. However, dealing with this variable composition and its interplay 
with gas phase turbulent mixing and kinetics is both complex and computationally expensive. 

The successful prediction of turbulent and mean flow properties is a difficult 
proposition in typical combustion environments (W. Although reasonable success has been 
achieved for some simple flows, the complexity of reacting, swirling, turbulent flows often 
exceeds the capability of even sophisticated turbulence models. The added complexity of 
chemical effects on these predictions and the effect of turbulence on the mean reaction rates 
compounds the problem. Indeed, combustion investigators have identified this problem as 
one of the critical needs of combustion research (16). 

Several approaches to the problem have been proposed. Some of these were 
recently reviewed and compared to data by Smith and Fletcher (u). The approach used in 
the current paper is the statistical, coal gas mixture fraction model. The detailed theory and 
assumptions of this model are given elsewhere (11. Only a brief discussion is given here. 

The statistical, coal gas mixture fraction model involves convolving instantaneous 
properties over the turbulent statistics of the mixture to get time-mean properties. The 
statistics of the mixture is represented by the multivariate probability density function of a 
number of independent progress variables. The instantaneous mixture properties must all be 
represented as functions of only these progress variables. 

The current code PCGC-2 allows for two progress variables. One progress variable is 
typically used for the inlet gas mixture fraction and the other is used for the coal offgas 
mixture fraction. The coal offgas composition is therefore assumed constant. Chemical 
kinetics are assumed fast for major gas species (intermixing of fuel and oxidizer is rate- 
limiting), so that the mixture is in local instantaneous equilibrium, and local properties 
depend only on the local elemental composition and enthalpy. With the two mixture fractions, 
the local composition is specified. Enthalpy fluctuations are assumed to be correlated with 
fluctuations in the stoichiometric ratio, as given by the two mixture fractions. Time-mean 
properties are therefore calculated by a double integral over the joint probability density 
function of the two mixture fractions. The evaluation of this integral consumes a significantly 
greater fraction of the computational time than any other single task in the code, even though 
a table of equilibrium properties is used to minimize the time spent performing equilibrium 
calculations. 

Additional progress variables are required if coal offgas composition is to be allowed 
to vary. Each group of elements that are evolved from the coal must be tracked 
independently. Each additional progress variable for which the statistical variance is taken 
into account will increase the computational burden of this approach substantially. An 
investigation of the importance of variable coal offgas composition in a comprehensive code 
that treats chemistv/turbulence interactions has never been reported., Such an investigation 
would determine the extent to which such effects should be taken into account. It may be 
possible to ignore the turbulent fluctuations of some or all progress variables when allowing 
offgas composition to vary. If so, the computational burden would be reduced significantly. 

The computational effort involved with the convolutions is not the only significant 
consideration in treating large numbers of progress variables. A multi-variate probability 
density function is required to perform the convolution. However, transport equations are 
typically written to describe individual probability density functions. To the extent that the 
fluctuations in the mixture fractions are independent of each other, the multi-variate pdf's will 
be equal to the product of the individual pdf's. However, as the number of progress variables 
increases, this independence will be difficult to maintain. Predicting the correlation 
coefficients will be difficult and the relevance of the model could be compromised. 

A study of the impact of turbulent fluctuations on overall predictions was conducted to 
evaluate their importance. In this study, the fluctuations were either arbitrarily neglected or 
included, and the results of the comprehensive predictions under these assumptions were 
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compared. Similar results are shown by Smith and Fletcher (u). These results are an 
extension of their work, focusing on the effect of the coal offgas fluctuations. Figures 4, 5, 
and 6 show the results of ignoring turbulent fluctuations in the coal gas mixture fraction on 
gas temperature, total particle burnout, and centerline NOx concentration. The coal gas 
mixture fraction q represents the degree of mixing between the coal volatiles and the inlet 
gas. As expected, neglecting the fluctuations in inlet gas mixture fraction had little effect on 
the calculations, since both the primary and secondary streams were air at 300 and 589 K, 
respectively. 

The effect of ignoring the fluctuations in q on gas temperature can be seen by 
comparing Figures 2a and 4. Ignoring the fluctuations caused a high temperature ridge at 
the location of mixing between the primary and secondary streams, as can be seen by the 
higher concentration of isotherms in Figure 4. Taking the fluctuations into account smoothed 
the high temperature peaks. Similar observations were made by Smith and Fletcher (17) 
when they ignored turbulent fluctuations in both mixture fractions. Because the rate of mixing 
of fuel and oxidizer is reduced when turbulent fluctuations are ignored, the particle burnout is 
lowered as shown in Figure 5. 

The above results were obtained assuming that the mixing is rate-limiting. The 
kinetics of NOx formation and destruction are of the same order of magnitude as the turbulent 
mixing rates. Therefore, both mixing and kinetic considerations must be made to predict NOx 
concentrations. The model used to do so has been previously reported (u) and 
incorporated as a submodel in PCGC-2. 

Figure 6 shows the effect of the fluctuations on pollutant predictions. In Figure 6a, 
turbulent fluctuations were ignored both in the calculation of major species, and in the 
calculation of the pollutant species, which are decoupled from the calculation of major 
species. In Figure 6b, turbulent fluctuations were taken into account for both calculations. As 
shown, the predicted NO levels are quite sensitive to rigorous accounting for the effects of 
turbulence on chemistry. When turbulent fluctuations are taken into account, oxygen from the 
secondary mixes more rapidly with the primary, and more NOx is formed. Although data were 
not available for comparison with this calculation, previously reported calculations have 
shown that solutions taking the turbulence into account agree more closely with data (L8). 

Conclusions 

Coal devolatilization is typically responsible for flame ignition and the ignition point 
and volatile yield of the devolatilization reactions have large impacts on overall combustion 
characteristics. 

The temperature and composition dependence of particle heat capacity alters 
comprehensive code predictions of particle temperature, particle ignition, particle burnout, 
gas ignition and combustion efficiency. The effect is predominantly linked to the predicted 
ignition point of the coal and the extent of devolatilization. 

For typical operating conditions of entrained-flow reactors (cold walls, hot gas), the 
value of coal particle emissivity does not significantly affect comprehensive code predictions. 
Preliminary results indicate that predictions are also insensitive to heat of devolatilization, but 
further investigation of this effect is needed. These conclusions may be different in situations 
with less dominant conductive/convective heat transfer. 

The heating value of the coal offgas affects coal burnout and, to a lesser extent, gas 
temperature. This effect is attributed to the volatile yield of the coal under different heating 
conditions. Correlations of offgas heating value with particle burnout may improve 
comprehensive code predictions. 

Turbulent fluctuations have an important impact on the mean reaction rate of coal 
offgas with the gas mixture. Further investigation of the importance of variable coal offgas 
composition in comprehensive codes and the importance of including the effect of turbulent 
fluctuations is proceeding. 
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Figure 1. Variations of (a) particle temperature and (b) mass loss when different 
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Introduction 

To help produce advances in gasification technologies it is necessary to generate data on the 
effect of coal properties and operating variables on the pyrolysidgasifcation behavior of coals under 
conditions similar to those in advand-concept gasifiers; usually a high temperature-high pressure 
environment for enuained coal particles. Since relatively little data are available on coal 
pyrolysidgasification at elevated pressure, especially in entrained flow systems, the primary objective of 
this study was to provide information on the effect of pressure on product yield and composition during 
pyrolysis. 

matter (1): 
The thermal decomposition of coal produces solid char or coke plus liquid and gaseous volatile 

heat 
coal - solid (char or coke) + liquid (tar) + gas (CO, C02, CHq, etc) 

The char consists mainly of carbon along with small amounts of hydrogen, oxygen, nitrogen 
and sulfur as well as the ash produced from the mineral matter. Tars are vapors at the pyrolysis 
temperature and pressure. The quality and quantity of char, tar and gases produced during pyrolysis 
depend on coal type, temperature, heating rate., pressure, residence time and particle size (1). 

the coal is stationary or fixed during a run, and entrained-flow, where the coal is fed and products 
withdrawn continuously. Most data on pressure effects have been obtained using captive sample 
techniques (3-9). For example, Anthony et al. found a substantial reduction in weight loss with 
increasing pressure for the pyrolysis of a bituminous coal above 873 K (4). Suuberg et al. also reported 
a reduction in weight loss and tar yield with increasing pressure (7). 

The entrained-flow technique, however, has been used more in recent years by researchers (10- 
16). Sundaram et al. examined the effect of pressure on pyrolysis of a subbituminous coal under 
various inert gas pressures (Ar, He and N2) in an entrained-flow reactor (12). They reported that the tar 
yield increased with increasing pressure of helium, while it decreased with increasing pressure of argon. 
They also reported that the total carbon conversion went through a maximum before decreasing with 
increasing pressure. Serio et al., on the other hand, reported a reduction of about 25% in tar yield with 
increasing pressure for four different coals(l3). A study similar to the one reponed here on Montana 
Rosebud coal under the same pressure conditions but at higher temperatures and residence times has 
also been reported by Bissett (14). 

Experimental 

An entrained-flow reactor, which was capable of subjecting pulverized coal particles to 
temperatllres and pressures of 1373'K and 1000 psig respectively for a range of particle residence times 
was used in this study. The reactor, which is equipped with a computerized data acquisition system for 
accurate monitoring of the experimental conditions, is shown schematically in Figure 1. Pulverized coal 
is injected into the furnace by entrainment in a cold gas smam (primary gas) as it passes through a 
semi-venturi. The coal laden gas flows through a water-cooled injector probe fixed at the top of the 

Two general techniques have been used for coal pyrolysis studies (2): captive sample, where 
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furnace. A secondary gas stream which is preheated during its'passage upward through an annular 
region surrounding the reactor tube enters the furnace near the tip of the injector probe. Char is collected 
by a water-cooled probe which can be adjusted over a range of distances from the bottom of the furnace. 
This gives the flexibility to change the pyrolysis residence time. Another method of changing residence 
times is to adjust the gas flow rates of the gases passing through the furnace. 

probe. The particle-laden stream enters the cylindrically-shaped vessel tangentially and at a point 
midway up the vessel. The solid char falls into a sample vessel at the bottom of the cylinder, while 
much of the tar is happed by a 20 pm stainless steel filter at the top of the vessel. The solid pyrolysis 
products and the material happed by the filter both were extracted in a conventional Soxhlet apparatus 
using tetrahydrofuran 
produced during pyrolysis, were obtained by evaporating the solvent after extraction. The THF 
insolubles are used to represent the char yield. 

Proximate analyses were performed on the chars using a Leco MAC-400 analyzer. Ultimate 
analyses were also performed on chars and tars using a Leco CHN-600 analyzer. Sulfur contents were 
measured by a Leco sulfur analyzer. The gas stream leaving the collector vessel is routed through an 
on-line Carle gas chromatograph which is capable of monitoring the following gases: H2, N2,@, 
H2S, CO, C o t ,  CHq, C2H2, QHq, CZHtj, H20, S02,  and C3 + G$ hydrocarbons. An infrared gas 
analyzer is used to continuously monitor the carbon monoxide concentration in the outlet gas stream to 
determine when the reactor has reached steady-state operation. Gas composition measured by the GC is 
then determined for steady-state pyrolysis. The furnace is operated from a remote control panel and 
monitored by computer. 

used in this study. Proximate and ultimate analyses of the raw coal are shown in Table 1. Pyrolysis 
experiments were performed at a temperature of 1189OK, applied N2 pressures of 100-900 psig and 
residence times between 0.1 to 1.7 seconds. Coal particle residence times in the furnace were 
determined by using a computer flow model, which is a modified version of the one developed by Tsai 
for entrained-flow reactors operated at atmospheric pressure (17). We modified the flow model 
programs for use under our high-pressure entrained-flow reactor conditions. 

the governing equation is: 

Char is separated from the product stream in a filter vessel installed downstream of the collector 

as the solvent. The THF solubles, which are used to represent the tars 

Samples of sized Montana Rosebud sub-bituminous coal, with mean particle size of 5 7 ~  were 

Weight loss due to pyrolysis was calculated by using ash as a tracer. On a dry-ash-free basis, 

where AW is the calculated weight loss on a daf basis, & is the proximate ash  content of the dry coal 
and A1 is the proximate ash content of the dry char produced during pyrolysis. An assumption in this 
calculation is that mineral matter in the coal does not undergo uansformations during the pyrolysis 
which would change the quantity of ash produced upon ashing the chars (15). Tar yields were 
calculated from the total amount of THF solubles collected, about 5-15%, and expressed as weight 
percent of coal (daf) fed into the reactor. Total gas yields were calculated from the difference between 
the weight loss and tar yield. 

Results a n d  Discussion 

The effect of pressure on weight loss for pyrolysis at 1189OK, 0.3-1.0 seconds residence time 
and up to 900 psig applied N2 pressure is shown in Figure 2. It is observed that at short residence 
times (0.3 and 0.5 seconds) increasing the pressure reduces the weight loss, but at a longer residence 
time (1.0 seconds) increasing the pressure increases the weight loss slightly after going through a 
minimum at 178 psig. The weight loss of the Montana Rosebud coal increased steadily with increasing 
residence time and reached a maximum at 1.0 seconds. 
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Figure 3 shows the effect of pressure on tar yield at 1189OK, 0.3-1.0 seconds residence time 
andup to 900 psig applied N2 pressure. The tar yield increased significantly with pressure up to 178 
psig for all residence times and, with the exception of short residence time (0.3 sec) tar, then continued 
to increase with increasing pressure but at a slower rate. The data are in agreement with those of 
Solomon et aL, who reported similar tar yields for the Montana Rosebud coal at 1089'K and 0.47 
seconds residence time (16). The data are also in general agreement with those of Sundaram et al. (12) 
who reported an increase in tar yield from a subbituminous coal with increasing pressure of helium. 

Yields and composition of gaseous products are shown in Figures 4 and 5, respectively. 
Comparison of Figures 2,3 and 4 indicate that the trend for total gas yield is consistent with the effect of 
pressure on weight loss and tar yield. The total gas yield drops as the pressure increases from 100 to 
178 psig then increases slightly with further increase in pressure. This is also in a good agreement with 
the data of Solomon et al. At short residence time (0.3 seconds) CO and C@ yields increased 
significantly with increasing N2 pressure while the CHq yield decreased. Reduction in CHq yield with 
increasing pressure has been reported by Sen0 et al. (13) In the experiments carried out at residence 
times higher than 0.3 seconds CO concenmtions were higher than C02, and the concentration of CH4 
was higher than that of C2Nq which, in turn, was higher than C2H6. This is in good agreement with 
the data of Sundaram et al. (12) but agrees with that of Serio et al. (13) only for the CtIq, C2Hq and 
c2H6 hydrocarbon gases. 

The effect of pressure on the UH ratio of the tar and char produced from pyrolysis is shown 
graphically in Figure 6 and 7, respectively. It can be seen in Figure 6 that the C/H ratio of the tars 
remains relatively constant except at short residence times where there is a significant drop in the C/H 
ratio at 178 psig. Figure 7, on the other hand, shows that the UH ratio of the char decreases 
signifcantly as pressure increases. At short residence times the C/H ratio of the char drops from over 
1.8 at 100 psig to below 1.4 at 178 psig then remains relatively constant. At the longer residence time 
the UH ratio decreases gradually from over 2.2 at 100 psig to 1.8 at 900 psig N2 pressure. 

Conclusions 

revealed the following: 

a significant change in pyrolysis behavior occurs at a pressure between 100 and 178 psig. 

this pressure there is no significant effect. 

Pyrolysis of a Montana Rosebud subbituminous coal in a high pressure entrained flow reactor 

1. Based on the weight loss, tar and gas yield, and C/H ratio of the tar and char, it appears that 

2. Weight loss and gas yield decrease with increasing pressure up to about 200 psig, and above 

3. Tar yield is most affected by the pressure, increasing significantly with increasing pressure 
up to 200 psig. 

4. The maximum tar yield was observed at a low residence time (0.3 seconds) and 178 psig 

5. The CHq and c2H6 yields decreased significantly with increasing pressure, with Cz& 

applied N2 pressure. 

diminishing above 300 psig pressure for a residence time of 1.0 second. 
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Table I 

Characteristics of Montana Rosebud Subbituminous 
Coal Used in Pyrolysis .Experiments 

Moisture 
Volatile Matter 
Ash 
Fixed Carbon (by diff.) 

- 
42.7 
9.7 

47.6 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen (by diff.) 

74.3 
6.0 
1 .o 
1.5 

17.2 

Figure 1. REACTOR CONF.IGURATION 
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MODELING OF COAL PYROLYSIS UNDER THE CONDITIONS OF AN ENTRAINED PHASE 
REACTOR 

w. Wanzl, P. KaBler, K . H .  van Heek, H. Juntgen 
Bergbau-Forschung GmbH, D-4300 Essen 13, West Germany 

INTRODUCTION 

Experimental laboratory work has shown that yield and quality of 
liquid products from coal pyrolysis can be controlled and optimized to 
a certain extent by suitable coaction of the primary thermal coal de- 
composition reactions and the secondary cracking or hydrocracking of 
the volatiles. The results indicate that favorable process conditions 
are provided in an entrained phase transport reactor which enables 
high heating rates for fast primary coal pyrolysis together with opti- 
mum residence time of the volatiles for secondary cracking and hy- 
drocracking in the heated reactor zone. From that point of view the 
question arises how thermal coal decomposition can be described at 
high heating rates and whether transport limiting processes are invol- 
ved in the overall reaction step. Especially for reactor design it is 
necessary to clarify to what extent experimental kinetic data gained 
at low heating rates can be applied to heating conditions like in a 
fluidized bed or in an entrained phase reactor. 

KINETIC EXPERIMENTS 

Low Heatinq Rates - Thermobalance ExDeriments 
For experimental investigations of the influence of heating rate 

on the kinetics of coal pyrolysis three different types of equipment 
have been used as shown in Fig. 1. In previous work at low heating 
rates the course of product formation - total weight loss, tar, and 
gas - depending on temperature was measured in non-isothermal experi- 
ments in a thermobalance /I./. The low heating rate of some K/min in 
the thermobalance allows, beside the recording of the decrease in mass 
of the coal sample, a continuous analysis of the product gases (inclu- 
ding detection of H 0 and, by difference between total mass loss and 
total gas formation: !he calculation of tar formation. 

The mass loss curve as well as the curves for the different 
gaseous components show a certain structure which indicates that the 
volatiles are liberated in several single reactions for each compo- 
nent. The reactions can in a first order regarded as a set of indepen- 
dent parallel reactions. This model of non-isothermal reaction kine- 
tics allows a mathematical description of product formation . With 
the model equations the measured curves can be described by fitting 
activation energy E and frequency factor ko. 

Hiah Heating Rates - Grid Heater EXDerimentS 
The verification of the measured kinetic data at high heating 

rates has been carried out in experiments with a grid heater and with 
a Curie-point pyrolysis equipment. Schwandtner / 2 /  used a grid heater 
in the vacuum chamber of a time of flight mass spectrometer and ap- 
plied heating rates up to 3000 K / s .  The fast response signal of the 
mass spectrometer enabled kinetic measurements at high heating rates. 
According to theoretical calculations with the equations describing 
the non-isothermal reaction kinetics Schwandtner found a significant 
influence of the heating rate on the gas formation curves, which were 
shifted towards higher temperatures, respectively towards later times. 
But additionally, the gas release was shifted with rising particle 
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size as shown in Fig. 2 .  For coal grains exceeding 0 . 4  mm in diameter 
furthermore a tailing at the end can be noticed. With further enlarge- 
ment of the grain size up to 1 mm and more the gas formation rate be- 
comes independent of time. This means a reaction order of 0, which ex- 
presses the increasing influence of heat conductivity at these experi- 
mental conditions. This effect can be explained by the assumption that 
the heat transfer into the grain limites at certain heating rate and 
particle size the overall pyrolysis reaction. By a simple calculation 
of the temperature profile in the coal particle and integration of the 
total gas formation in the particle on the basis of a shell model the 
measured curves can be fitted as shown in Fig. 2. 

Hiah Heatins Rates - Curie-Point Experiments 
By using a different heating technique similar investigations were 

carried out with a pressurized Curie-point equipment which allows high 
heating rates above 10,000 K/sec and by that nearly isothermal pyroly- 
sis experiments / 3 / .  The method for measuring the critical particle 
diameter above which the transition from chemical reaction control to 
transport rate control occurs, involves measuring the yield of pyroly- 
sis products, mainly the tar, at incomplete coal decomposition reac- 
tion. At a given heating rate and pressure, mass loss is independent 
of particle diameter at low particle size. By increasing particle size 
a distinct drop in the mass loss is noted as shown in Fig. 3 ,  indica- 
ting that mass and/or heat transfer effects inhibit the escape of the 
volatiles from the particle. The critical particle diameter can, the- 
refore, be determined by the change in the trend of mass loss versus 
particle size and finally plotted as function of heating rate (Fig.4). 

HEAT TRANSFER CALCULATIONS 

In order to achieve a more precise separation between the experi- 
mentally measured mass and enthalpy transport effects and their rele- 
vance for the measurement of kinetic pyrolysis data, model calculati- 
ons were performed. The model assumes a spherical coal grain with its 
surface heated time dependently. It includes reaction enthalpies uni- 
formly distributed in the coal particle. Intraparticle temperature 
profiles are then calculated using boundary conditions specific to the 
different heating methods in each apparatus. 

The result of a calculation reproducing the conditions in the Cu- 
rie-point measurements at a heating rate of 6.000 K / s  for grain sizes 
at and above the critical radius (0.1 mm and 2 mm respectively) is 
shown in Fig. 5 .  The temperature profiles show quite clearly the exi- 
stence of the measured critical diameters being in a first approxima- 
tion a result of heat conduction within the coal. These radii are the 
limit up to which the heating rate can cause intra particle tempera- 
ture gradients. The thermobalance uses a heating rate of 3 K / s ,  slow 
enough to prevent temperature gradients within the particle. With 
grain sizes below 0.1 mm also the pyrolysis yields of the Curie-point 
apparatus at heating rates up to 10,000 K / s  may be evaluated without 
having to account for non-isothermal coal grains (Fig. 6). 

As a consequence, looking at temperature profiles in a grain with 
the surface heated up instantaneously, as an upper limit for the con- 
ditions in an entrained phase reactor, internal temperature profiles 
die out after some ten miliseconds. These are time increments of the 
order of magnitude needed to reach thermal equilibrium between gas and 
coal within the very beginning of the reaction tube. The description 
of reaction kinetics in such a reactor type should therefore be possi- 
ble on the basis of experimental data gained with the thermobalance 
and the curie point apparatus. 
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EFFECT OF HEAT TRANSFER ON TAR AND LIGHT GASES FROM COAL PYROLYSIS 

J .  D. Freihaut, W. M. Proscia, D. J. Seery 

United Technologies Research Center 
East Hartford, CT 06108 

INTRODUCTION 

Recent evidence has demonstrated that the products of coal pyrolysis vary 
with the conditions of heating. 
chemical composition of the evolved species vary with thermal flux during 
pyrolysis. Because of the inherent complexity of coal, it is difficult to 
uncouple the actual heat transfer process and the effects of variations in 
individual parameters in most pyrolysis experimental designs. Typical ranges 
of heat transfer rates available in a number of devolatilization reactor 
systems are indicated in Fig. 1. A particular reactor system may have 
additional constraints imposed by the nature of the heat flux source or 
transfer media - acceptable particle size of the parent coal, ambient pressure 
in which devolatilization can be performed, spectral distribution of a radiant 
source, residence time in the heat transfer field, etc. Some practical size 
constraints of wire grid and entrained flow reactor systems are noted in 
Figure 1. 

Both the reactivity of the char and the 

This report presents the results of a study of coal pyrolysis in three 
different reactors covering a wide range of heating conditions. The specific 
purpose of the investigation was to determine if the rate of heat delivery to 
a high volatile bituminous coal during the tar formation and evolution phase 
has a significant effect on the tar yields and molecular weight distribution 
for a high volatile bituminous coal. 
coal devolatilization and the development of fundamental kinetic models, the 
investigation is geared to determining whether the same tar formation and 
evolution processes are occuring in widely different regimes of heat transfer 
rate and modes of heat transfer. The heavy hydrocarbons yields and chemical 
characteristics provide a type of observable monitor, to generate a 
microscopic model of the devolatilization/pyrolysis process. 

From the point of view of understanding 

EXPERIMENTAL 

Reactor Characterization 

The influence of transport on coal devolatilization necessitates the 
characterization of reactor heat transfer properties in detail. Figure 1 
displays the power density regimes required for a given heating rate of inert, 
spherical particles having thermal capacities equivalent to coal. A l s o  shown 
are the range of power density capabilities of the heated grid and flash lamp 
reactors employed in this investigation and the corresponding regimes for 
entrained flow reactors. The heated grid 3ystem employed in this investigation 
generates power densities of 1-6 watts/cm 
600°K and 1200°K. The flash lamp system generates power densities, in the 
form of Sransient irradiance levels. Time averaged levels from 200 
watts/cm to greater than 700 watts/cm were employed. Entrained flow 
reactors generally operates in the 10-100 watts/cm regime. Final particle 

at grid temperatures between 
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temperatures of 1000°K or greater can be obtained in each system, but for 
significantly different transient times. 

UTRC Heated Grid (HG) 

The heated grid experiments are conducted by imposing a controlled voltage 
across a folded No. 325 mesh stainless steel screen. The screens are 
prefired, then loaded with 20-30 mg of coal by evenly distributing the coal 
between the folds of the screen. Simultaneous, real time measurements of 
applied voltage across the screen, current flow, and temperature of the screen 
are made by a rapid data acquisition system. 
quenched by impingement of high velocity helium jets on the grid at the end of 
the heating program. 
analysis system attached directly to the heated grid cell. 
UTRC heated grid apparatus have been given previously (Ref. 1, 2 ) .  The power 
density fields in vacuum conditions consist mainly of irradiance, whereas in 
the presence of ambient gases there can be significant gas conduction 
depending on the thermal conductivity of the gas. The power density fields 
were determined by synchronously measuring delivered current and voltage while 
measuring the temperature of the screen at pseudo steady-state conditions, and 
normalizing with respect to screen surface area. 
transfer and heat capacity properties of the sample relative to the screen and 
ambient gas, the sample can couple to the local power density field. 
coupling has been demonstrated to change the observed temperature trajectory 
of the screen relative to an unloaded screen area (Ref. 1, 2 ) .  The main 
element of interest is the magnitude of the power density levels established 
by the heated grid system in the 600°K to 1000°K screen temperature 
regime, the temperatures of tar formation and evolution in such heating 
systems (Refs. 3 ,  4 ,  5 ) .  

The grid, char and tar are 

The light gases evolved are measured by a FT-IR gas 
Details of the 

Depending on the heat 

Such 

UTRC Flash Lamp (FL) 

Details of the flash lamp reactor have been given previously (Ref, 6). 
Under the range of capacitor voltage levels used in this investigation and 
with the particular match of lamp characteristics and driving circuit 
parameters the shape of the pulse did not vary significantly. 
of the irradiance level delivered to the inside of the reactor was controlled 
by varying the neutral density filter and/or the capacitor bank voltage 
levels. The real time irradiance levels of the flash pulse were monitored by 
fast response pyrolelectric detectors. 
with NBS irradiance standard lamps and a NBS traceable radiometer system used 
in conjunction with a chopped Argon ion laser. Pyroelectric detectors have a 
nearly constant response to wavelength from the W to IR spectral regimes. 
Because of the possibility of inducing photochemical reactions with the W 
component of the flash pulse, the reactors employed were Pyrex, as were the 
neutral density filters. The delivered radiation is characterized by 
wavelengths ranging from 0.4 to 2.0 microns with peak intensities between 0.8 
and 1.1 microns. 

Entrained Flow Reactor (EF) 

The magnitude 

The detectors employed were calibrated 

In the entrained flow reactor, coal is entrained in a primary gas and 
injected into a hot wall furnace, through which a preheated secondary gas is 
flowing whose temperature is matched with the wall. 
particles flow in a pencil-like stream down the center of the furnace tube and 

Entrained coal/char 
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are collected by a water cooled probe. Figures 2 ,  3 and 4 display the overall 
reactor design, aerosol-char separation device and the aerosol and char 
separation trains. Approximately 75% of the total reactor flow is diverted to 
the aerosol train. Both the cyclone (char) train and impactor (aerosol) train 
are followed by final filters. These filters consist of porous metal disks to 
ease in removal of tar species. Approximately 90% of the tar mass appears to 
collect on the final filters, with some deposition on stages 7 and 8 of the 
impactor train. SEM analysis of the impactor and cyclone stages as well as 
the final filters reveal the phase separator extracts particulates and 
aerosols less than 2 microns from the particulate flow at 75% gas flow 
removal. Tar material deposited on the final filter substrates consists 
almost entirely of condensed heavy hydrocarbons having no particulate boundary 
structure. Particulate material is efficiently removed by the impactor and 
cyclone stages. 

Because the coals were initially size separated by aerodynamic means, it 
was originally thought that the size specific ASTM ash could be used as the 
basis for calculating mass fraction loss via the ash tracer technique. 
However, using this value gave negative weight loss results for the low wall 
temperature runs. Inspection of the gas analysis system data and the filter 
stages of the cyclone and impactor trains indicated substantial 
devolatilization was occurring. It became apparent that the feed system was 
not delivering coal particles having the same average ash content as measured 
for the gross sample for this particular size cut. Consequently, the reactor 
system was operated in the cold wall, cold flow mode with the delivered coal 
particles collected in stage 0 of the cyclone separator considered as 
representative of the actually delivered samples. It was noted that 
immeasurably small samples of fines were deposited in the impactor train or 
subsequent stages of the collection system. 

Tar Sampling and Handling 

Tar yields in the heated grid reactor are determined by weighing the 
condensible material deposited on the inside of the reactor walls and filters 
placed between the reactor and FT-IR gas cell. Tar yields in the flash lamp 
reactor are defined as the THF soluble portion of the condensibles found 
inside the reactor and on the filters placed between the reactor and FT-IR gas 
cell. These tars may contain material extracted from char particles in 
addition to "desorbed" (vaporized molecules, ejected molecular clusters and 
colloidal fragments) species evolved in the flash heating process. Relative 
molecular weight distributions of tars were determined with the THF soluble 
(room temperature, ten minute ultrasonic bath) portion of the evolved species. 
Entrained flow reactor tars were defined as the THF soluble portion of the 
material removed from the filtering system. All samples were passed through a 
0.5 micron filter before injection into the SEC system. The details of the 
SEC have been given previously (Ref. 7). 

RESULTS AND DISCUSSION 

Tar yields and relative molecular weight distributions were obtained for 
PSOC1451. The elemental analysis for the mesh and aerodynamically separated 
coal samples are given in Table Ia. Table Ib lists the elemental compositions 
observed for the 20 - 30 micron cut of the parent coal PSOC 1451 D sample, the 
delivered particles captured in stage 0 of the cyclone collector, and the 
residual particles remaining in the feeder bed after several runs. Obviously, 
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the  feed system d e l i v e r s  20 - 30 micron p a r t i c l e s  having lower average mineral 
d e n s i t i e s  than t h a t  observed f o r  t h e  gross parent  sample. 
p a r t i c l e s ,  t h a t  i s ,  the  p a r t i c l e s  l e f t  i n  the  feeder  bed have higher  average 
mineral d e n s i t i e s  than  the  gross parent  sample. Despite the  f a c t  t h a t  the  
s i z e  separa t ion  system and the  feeder  system both employ aerodynamic 
p r i n c i p l e s ,  segrega t ion  does occur i n  the  reac tor  feed process .  As a r e s u l t  
it was deemed necessary t o  perform cold flow runs with each sample t o  generate 
base l ine  ash d a t a  f o r  determining mass rac t ion  y i e l d s  by ash t r a c e r  
ca lcu la t ions .  Resul t s  f o r  t a r  y i e l d s ,  number average (Mn), and weight average 
(Mw) molecular weights a r e  summarized i n  Table 11. The d a t a  have been 
arranged i n  order  o f  increas ing  n e t  power dens i ty .  The inc ident  power dens i ty  
has been est imated from reac tor  property measurements ind ica ted  above and h e a t  
balance c a l c u l a t i o n s  assuming coa l  p a r t i c l e s  a r e  s p h e r i c a l ,  with emissivi ty  
and a b s o r p t i v i t y  of  0 . 9 ,  and heat  capaci ty  of 0 . 3  cal/gm-C. The p a r t i c l e  
s i z e s  l i s t e d  a r e  an a r i thmet ic  average diameter o f  t h e  high and low cutoff of 
the  mesh range. The ent ra ined  flow t a r  y i e l d s  a r e  es t imates  based on one 
atmosphere runs performed i n  the  f l a s h  lamp and heated g r i d  reac tor  where 
p a r t i c l e s  were hea ted  t o  t h e  same f i n a l  temperatures. 

The r e s i d u a l  

The l i m i t s  of t h e  molecular weight d i s t r i b u t i o n s  range from 100-3500 f o r  
the heated g r i d  and en t ra ined  flow t a r s ,  and from 100-5000 f o r  t h e  f lash  lamp 
t a r s .  Previous i n v e s t i g a t o r s  have obtained similar r e s u l t s  f o r  average 
molecular weights and f o r  the range of the MWD's of  var ious coal  t a r s ,  and 
coal  e x t r a c t s  (see Table 111). 

Pressure Effec t  i n  a P a r t i c u l a r  Reactor 

Heated g r i d  and f l a s h  lamp experiments were conducted a t  atmospheric 
and low pressures .  
atmosphere only .  
above (Table 11) r e v e a l  a highly coupled dependency between mass and hea t  
t r a n s f e r  parameters i n  determining molecular weight c h a r a c t e r i s t i c s  of t h e  
evolved t a r s .  
apparatus under low pressure  condi t ions r e l a t i v e  t o  atmospheric pressure 
f o r  a given power program input  (Fig.  5 ) .  The low pressure t a r s  obtained i n  
t h i s  apparatus  have a s i g n i f i c a n t l y  l a r g e r  f r a c t i o n  of high MW species  
than the  corresponding atmospheric pressure t a r s .  
by 30% o r  more, depending on s p e c i f i c  condi t ions,  while molecular weight 
moments a r e  reduced. These r e s u l t s  a r e  cons is ten t  with t h e  r e s u l t s  of Unger 
and Suuberg (Ref. 8 )  and o t h e r s  (Ref. 9 ,  10) .  

The en t ra ined  flow reac tor  was operated a t  one 
Comparisons of heated g r i d  and f l a s h  lamp data  given 

Larger MWD moments a r e  obtained with the heated g r i d  

Tar y i e l d s  a r e  reduced 

The same MUD p a t t e r n  emerges a t  the lowest power dens i ty  inputs  employed 
w i t h  t h e  f l a s h  lamp apparatus .  That i s ,  t h e  low pressure t a r s  have 
s i g n i f i c a n t l y  h igher  molecular weight moments than the  corresponding t a r s  
formed i n  one atmosphere o f  helium o r  argon (Fig.  5 ) .  However, a t  the next  
h ighes t  i r rad iance  l e v e l  (285 w/cm2) the t a r s  formed i n  one atmosphere of  
helium have l a r g e r  moments than t h e  corresponding low pressure condi t ions.  
These r e s u l t s  can be  understood r e l a t i v e  t o  the  v a r i a t i o n  i n  hea t  t r a n s f e r  
condi t ions.  
can only cool  by a n  a b l a t i v e  process whereas p a r t i c l e s  r a d i a n t l y  heated i n  t h e  
presence o f  an ambient gas a r e  cooled by conduction across  a boundary l a y e r  as 
the p a r t i c l e  temperature r i s e s .  In low pressure  condi t ions  the t a r s  formed 
within the hea t ing  p a r t i c l e  become hot  enough t o  undergo some secondary 
cracking r e a c t i o n s  i n  the evolut ion process. Depending on i t s  thermal 
conduct ivi ty ,  the moderating inf luence of the  ambient gas  can be  appreciable ,  

P a r t i c l e s  subjec t  t o  a rad ian t  pu lse  i n  low pressure condi t ions 
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resulting in a lowering of the net power density delivered to the particles. 
Consequently, the lowest irradiance level employed was not sufficient to heat 
the 50 micron particles, in the presence of helium, to desorb more than 5 to 
10% of the coal mass as tars. In vacuum conditions, on the other hand, the 
observed tar yield was -23% for the lowest irradiance level. In one 
atmosphere of argon the yield was -19% with MWD moments similar but somewhat 
lower than the corresponding vacuum run. The results also i dicate that ghe 
change in irradiance level from an average level of 225 w,cm' to 285 w/cm 
in low pressure conditions results in thermal cracking reactions of the tars 
as they are evolving from the correspondingly hotter particles. Light gas - 
CH4. CO, CZH2, C H 4 ,  HCN-yields associated with such high 
temperature reacgions of tars are also increased. Although increases in CHq 
and CO are observed in the heated grid gas yields when the tar evolution 
process is performed in pressure as opposed to vacuum, significant changes in 
C H 
pressure alone. 

Variation in Molecular Weight Distributions with Power Density Level 

The influence of power density on tar yields and MUD'S was explored by 
utilizing the multi-reactor approach discussed previously. The effect of large 
differences in power density is explored by comparing results from different 
reactors for a particular ambient gas environment (Figure 6). The heated grid 
tars, which were devolatilized at the lowest incident power fields are 
observed to have lower number average and weight average molecular weights 
than the flash lamp tars, devolatilized at the highest power densities, The 
main mode of energy transfer is radiation in these reactors when operated in 
low pressure conditions, although the wavelength distribution of the radiation 
is shifted to the visible and near IR for the flash lamp relative to the 
heated grid. The molecular weight moments of the entrained flow reactor tars 
vary substanially with residence time. In order to compare results to the 
other reactors, the shortest residence time tars should be examined since 
these presumably will have experienced the smallest degree of gas-phase 
secondary reactions. 
conditions have slightly lower molecular weights than the atmospheric pressure 
heated grid tars while the 1000°C, 40 msec tars show similar moment 
characteristics. In both cases the initial tars (low residence time) show 
molecular weight moments less than the vacuum tars formed in the heated grid. 
Relative to the flash lamp tars generated in either vacuum or pressure 
conditions the EF reactor tars have lower moment and distribution 
characteristics. 

and HCN are not observed for this coal type with a change in ambient 2 2  

The tars produced in the 9OO0C, 40 msec residence time 

Devolatilization Modeling and Coal Structure 

For a given set of heat transfer conditions and particle size, it can be 
difficult to distinguish between mass and heat transfer effects on voletiles 
product distributions and characteristics (Ref. 11). Both phenomena can 
appear to effect any one observable similarly by introducing intraparticle or 
extra-particle (particle-gas boundary layer or entrainment stream) secondary 
reactions in evolving tar species. Lumped parameter measurements - tar yield, 
char yield, gas'yield, weight loss - are not informative and can even be 
misleading for a microscopic understanding of coal devolatilization. 
comparisons based on one yield characteristic or product type grossly 
oversimplify the complexity of the process and can be even more misleading. 
The results reported in this investigation indicate that detailed 

Kinetic 
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characteristics of tar species generated under one set of reactor conditions 
can give more insight into the devolatilization process, but only if careful 
consideration of reactor conditions are included and detailed comparisons are 
made to results obtained with other reactors on the same analytical bases. A 
combination of tar characteristics and light gas yields and composition for a 
wide range of reactor conditions are necessary before a comprehensive 
understanding of coal devolatilization can be established. 

The significant change in relative MWD's of desorbed tars with heat 
transfer rate in low pressure conditions strongly implies a wide distribution 
of bonding types, ranging from predominantly physical association to covalent 
bonding, among a wide distribution of organic structure sizes, molecular to 
colloidal. The "tar" characteristics depend on the rate (power density field) 
at which thermal energy is delivered to the organic matrix, the mode of energy 
delivery and mass transport conditions. Such behavior is not unlike that 
exhibited by large, thermally labile organic molecules which are observed to 
desorb from a given substrate intact, via pyrolysis fragmentation, or in both 
forms, depending on the specific mass and heat transfer conditions and the 
nature of the molecular interactions between the adsorbed molecules and 
substrate (Ref. 12-19). From a devolatilization perspective high volatile 
bituminous coals behave as if they contain a wide range of organic structures, 
molecular and colloidal, attached to a polymeric-like substrate by a variety 
of physical and chemical bonding types. The presence of specific fractions of 
physically and chemically bonded species has been postulated to interpret the 
plastic behavior and generation of intraparticle pyridine extratables during 
the rapid heating of an Appalachian provide high volatile bituminous coal (4, 
40). 
whether pyrolysis fragmentation or desorption of relatively large species is 
emphasized by the heating conditions employed in devolatilization as well as 
mass transport related parameters. 
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TABLE Ia 

PSOC 1451 (HVA BIT - Appalachian Province) 
Elemental Composition 

Mesh -270+325 - 100+140 -50+70 -25+35 -20+25 
<& 49 127 254 604 774 

%DAF 

C 82.38(0.47)* 82.26(0.36) 82.28(0.36) 80.66(2.80) 78.40(4.87) 

H 5.44(0.03) 5.54(0.03) 5.58(0.02) 5.71(0.28) 5.69(0.20) 

N 1.60(0.03) 1.62(0.02) 1.63(0.01) 1.56(0.08) 1.52(0.14) 

s+o 10.58(0.55) ii.io(o.45) 10.48(0.37) i2.26(3.30) i4.13(4.83) 

Ash 5.89(0.55) 10.78(0.69) 9.11( 1.32) 24.39(18.9) 32.50(29.6) 

* Numbers in parentheses represent one standard deviation. 
<d> - Arithmetic average of particle range in microns 

TABLE Ib 

ELEMENTAL COMPOSITION OF PARENT, DELIVERED AND RESIDUAL PARTICLES: 
PSOC 1451D, 20 - 30 MICRON PARTICLES 

SAMPLE 

PARENT- 1 

PARENT - 3 
PARENT- 2 

PARENT - 4 

DELIVERED-1 
DELIVERED-2 
DELIVERED-3 
DELIVERED-4 

RESIDUAL- 1 
RESIDUAL-2 
RESIDUAL-3 
RESIDUAL- 4 

%C 

75.19 
75.25 
75.00 
75.06 

78.49 
70.54 
78.56 
78.59 

74.46 
74.42 
74.45 
74.44 

%H 

4.94 
4.95 
4.91 
4.90 

5.08 
5.08 
5.12 
5.08 

4.91 

4.90 
4.91 

4.89 

%N 

1.48 
1.45 
1.45 
1.45 

1.53 
1.50 
1.51 
1.48 

1.41 
1.43 
1.45 
1.45 

%S+O 

9.66 
9.52 
9.82 
9.78 

10.08 
10.36 
10.09 
10.01 

9.49 
9.84 
9.99 
9.78 

%ASH* 

8.69 
8.80 
8.80 
8.80 

4.80 
4.50 
4.69 
4.80 

9.69 
9.39 
9.19 
9.39 
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TABLE I1 

TAR YIELDS AND MOLECUlAR WEIGHTS 

POWER 
PARTICLE ATM. DENSIF Mn Mw 
SIZE [ m] [W/CM 1 

REACTOR/ 
PARAMETERS 

HG 450/2 * 
HG 550/2 
HG 600/10 
HG 550/2 
HG 600/10 
HG 350/1 
HG 800/2.5 
HG 800/2.5 
HG 800/2.5 
HG 800/2.5 
HG 800/2 
HG 800/2.5 
HG 800/2.5 
EF 900/3 
EF 900/9 
EF 900/22 
EF 1000/3 
EF 1000/9 
EF 1000/2 
FL 1.8/30 
FL 1.5/60 
FL 1.5/90 
FL 2.2/60 
FL 1.8/30 
FL 1.8/30 
FL 1.5/60 
FL 2.2/60 

** 64 
64 
64 
64 
64 

2 64 
*** 49 

49 
49 
49 
49 
49 
49 
49 

49 
49 
49 
49 
49 
49 
49 
49 
254 
127 
774 
774 
49 

VAC 
AR 
VAC 
VAC 
HE 
VAC 
VAC 
VAC 
VAC 
VAC 
VAC 
VAC 
AR 
N2 
N2 
N2 
N2 
N2 
N2 
HE 
HE 
HE 
HE 
AR 
VAC 
VAC 
AR 

0.62 
0.74 
0.88 
0.94 
1.3 
1.8 
1.9 
1.9 
2.0 
2.1 
2 . 3  
2.3 
2.3 
50.0 

80.0 

225(32) 
285 (40) 
430(60) 
730(96) 
225 (122) 
225 
285 
729(293) 

626 
510 
594 
664 
522 
655 
621 
610 
639 
616 
616 
632 
520 

839 
703 
775 
960 
692 
948 
855 
843 
869 
841 
875 
869 
734 

% TAR 
YIELD 

14.2 
14.9 
25.1 
35.3 
12.7 
20.0 
21.0 
24.4 
25.1 
28.4 
24.3 
23.3 
17.5 

485 698 **** 
490 709 
382 560 
531 766 **** 
406 596 
275 407 
686 1059 6.0 
784 1184 12.0 
699 1134 19.0 
545 898 17.0 
714 1121 19.0 
764 1180 23.0 
663 1054 28.4 
630 955 22.0 

RUN I.D. 

2298 
238A 
239A 
232C 
242A 
224B 
221A 
237B 
246A 
245A 
253A 
247A 
235C 
017 
018 
019 
020 
021 
022 
7055 
703C 
704B 
706E 
707C 
709B 
713B 
7088 

Footnotes : 
* HG X/Y - heated grid with 1000 Ckec ramp to X C, hold for Y sec, then 

1000° C/sec ramp to 800 C, hold for 2.5-Y sec. 
runs are an exception: ramp to 600°C and hold for 10 sec. 

The 600/10 

** EF X/Y - entrained flow with X C gas temperature and Y" sampling position 
90OoC: 3"- 40 msec; 9" = 110 msec; 22" - 250 msec 
1000°C: 3"- 40 msec; 9" - 100 msec; 22" - 230 msec 

*** FL X/Y - flash lamp with X KV capacitor bank voltage and Y% neutral 
density filter. Values are time-averaged delivered irradiance; 
values inside parentheses are time-averaged net power density 
calculated from heat balance considerations. See Table I11 for 
characteristics of flash pulses. 

***** - Not measured directly; at 3" residence time is estimated be about 
20% (daf) of the parent coal mass from heated grid and flash lamp 
investigations. This yield represents the major fraction of the 
total volatile yields (Ref. 25) in 40 msec. 
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TABLE 111 

COMPARISON OF MOLECULAR WEIGHTS OF COAL DERIVED COMPOUNDS 

SAMPLE TECHNIQUE Mn Mw MUD RANGE INVESTIGATOR(S) 

P i t t  #8 SEC t h i s  work 
THF 

1 a t m  HG t a r  500-525 675-750 100-3500 
vac HG t a r  575-675 775-975 100-3500 

EF t a r  275-550 400-775 100-3500 

1 atm FL t a r  550-800 900-1200 100-5000 
vac FL t a r  650-775 1050-1200 100-5000 

P i t t  #8 SEC/VPO Oh (1985) 

HG t a r s :  
1 a t m  350 100-1200 
vac 400 100-1200 

pyridine 

HG char 

1 a t m  
vac 

e x t r a c t s  : 
450 100- 1500 
500 100-1500 

P i t t  SEC/VPO 
Bruceton THF 

HG t a r s :  
1 a t m  
vac 

HG 1 atm char  
e x t r a c t s :  

Unger h Suuberg 
(1984) 

500-700 100-4000 
750-900 100-4000 

750-1000 - 100-4000+ 

P i t t  #8 SEC 
GO2 l a s e r  

Ballantyne e t  a l .  
(1983) 

1 a t m  t a r  THF 223? 394? 60- 3000 

Low Beam Ebull io-  870 
Shaw 84.20 C scopy 
115'C pyridine 
pyridine 
raw coa l  
e x t r a c t  

Dormans & 
van Krevelen 
(1960) 
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Fig. 1 Reactor Heat Transfer Regimes 
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Pyro lys i s  of Coal at Eigh Temperatures 

P e t e r  F. Nelson, I a n  Y. Smith and Ralph .I. Tyle r  

CSIRO Div i s ion  of F o s s i l  Fuels, Po Box 136, North Byde 2113. A u s t r a l i a  

In t roduc t ion  

Pyro lys i s  of c o a l  a t  high hea t ing  r a t e s  i s  the i n i t i a l  s t e p  i n  i t s  u t i l i z a t i o n  by 
combustion, g a s i f i c a t i o n  or l i que fac t ion .  This involves  t h e  thermal decomposition 
of the c o a l ' s  o rgan ic  s t r u c t u r e  and the  r e l e a s e  of v o l a t i l e  products,  which may 
account fo r  up t o  70% weight l o s s  of t he  coal .  Knowledge of t h e  behaviour of t h e  
many v o l a t i l e  s p e c i e s  l i b e r a t e d  during py ro lys i s  i s  warranted, s i n c e  t h e i r  compos- 
i t i o n ,  r a t e  of r e l e a s e  and secondary r eac t ions  w i l l  have an important i n f luence  on 
such p r a c t i c a l  cons ide ra t ions  as i g n i t i o n ,  r a t e  of combustion and t r a c e  gaseous and 
p a r t i c u l a t e  emissions.  

For many coa l s  t h e  condensed v o l a t i l e  spec ie s ,  o r  tar, comprise a major p a r t  of t h e  
v o l a t i l e  y i e l d  i n  coa l  d e v o l a t i l i z a t i o n ( 1 ) .  They have been suggested a s  an  
important sou rce  of soo t  during coa l  combustion(2,3),  and they have p o t e n t i a l  as 
models of coa l  s t r u c t u r e .  Thus a n  understanding of secondary r eac t ions  of t a r s  i s  
necessary f o r  a complete model of coal  d e v o l a t i l i z a t i o n  t o  be developed. The t a r s  
can crack t o  form soo t ,  char  and gases.  Secondary r e a c t i o n s  of the char  involving 
r i n g  condensation and gas  evo lu t ion  (mainly CO and H2) w i l l  i n f luence  r e a c t i v i t y  of 
t he  char towards g a s i f i c a t i o n  o r  combustion. 

This  paper p r e s e n t s  d a t a  on t h e  py ro lys i s  of a subbituminous coal and of t a r  prod- 
uced by the r ap id  py ro lys i s  of t h i s  coal  i n  a small f l u i d i s e d  bed r e a c t o r  and i n  a 
shock tube. K i n e t i c  parameters f o r  l i g h t  gas  formation from secondary r eac t ions  of 
t he  t a r  have been determined. The r e s u l t s  a l s o  provide evidence t h a t  secondary 
r eac t ions  of t h e  tar  a r e  a source of polycycl ic  aromatic  hydrocarbons (PAH)  observed 
during py ro lys i s .  Data a r e  a l s o  presented t o  show the  e f f e c t  of preparat ion cond- 
i t i o n s  on t he  combustion k i n e t i c s  of cha r s  produced by r ap id  pyrolysis .  

Experimental 

The design and ope ra t ion  of t he  f l u i d i s e d  bed pyrolyzer  has been desc r ibed  
p rev ious ly ( l , 4 ,5 ) ,  as has the  shock tube used f o r  t h e  high temperature  c rack ing  I 

(6 ,7) .  Light gases  were analyzed by gas  chromatography. T a r  components were I 
recovered from t h e  f l u i d i s e d  bed pyrolyzer by f i l t r a t i o n  through a Soxlet  thimble 
held a t  l i q u i d  n i t rogen  temperature,  ex t r ac t ed  with dichloromethane and analyzed by 

a l l  experiments ( a n a l y s i s  w t % ;  C, 79.1; H, 6.5; N. 1.2; S, 0.6; 0 ( d i f f . ) ,  12.6). 

Chars f o r  t he  combustion s t u d i e s  were prepared, using a large-scale  f l u i d i s e d  bed 
pyrolyser  a t  temperatures  of 540, 600 and 800°C. The product cha r  was separated h o t  
from the pyrolyser  product gas,  cooled, sampled, and then  s ieved t o  g ive  s ize-graded 
f r ac t ions .  The combustion r e a c t i v i t y  of the char was determined using a f low 
reactor ,  and an  i g n i t i o n  apparatus( l0) .  The char  samples contained apprec iab le  
amounts of v o l a t i l e  mat ter ,  t h e  600°C ma te r i a l  having a s t anda rd  VM y i e l d  of 16.6% 
(da f ) ,  and a hydrogen content  of 4.0%. 

Results 

1 

high r e s o l u t i o n  gas chromatography(5). Millmerran subbituminous coal  w a s  used f o r  r' 

1 

\ 
1 

j 
1 

Kinet ic  parameters f o r  secondary cracking of t a r  

Pyrolysis  r e a c t i o n s  of the coa l  under r ap id  hea t ing  cond i t ions  were separated from 
decomposition r e a c t i o n s  of t he  tar  t o  a l low the  vapour phase cracking r eac t ions  t o  
be inves t iga t ed  f r e e  from in f luences  of the o r i g i n a l  coal  o r  char. This  w a s  
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achieved by linking a fluidised bed pyrolyzer, operating at a low temperature 
(6OOOC) to minimise secondary reactions, to a shock tube capable of providing 
temperatures up to 2000K and residence times of 1-2 ms. 

Arrherius parameters for the rates of formation of CH4, C2H2. C2H4, C3H6. CgHg and 
CO were determined and are presented in Table 1. Rates Of production of C2H4 and 
C3H6 yielded activation energies of 230 and 260 kJ mol-' respectively and are thus 
in excellent agreement with typical Arrhenius parameters obtained for the pyrolysis 
of long chain gaseous hydrocarbons(ll.12). Thus the likely precursors of these 
alkenes are long chain n-alkyl groups. Recent studies(l3) have shown that 
Millmerran flash pyrolysis tar contains at least 23 wt% n-alkyl groups of which 
about 40% are present as free alkanes and alkenes and the balance are bound to other 
Structures, probably as substituted aromatics. Yields of C2H4 and C3H6 observed 
from the tar cracking are in excellent agreement with this n-alkyl content. 

Kinetics for the lumped disappearance of long chain alkanes and alkenes have also 
been determined for pyrolysis in the fluid bed reactor. These results are presented 
in Fig. 1 and give an activation energy of 237 kJ mol-' in good agreement with 
literature values for the decomposition of n-octane(l1) and n-hexadecane(l2). 

Activation energies for the formation of CH4 C6Ht and CO from the tar cracking are 
low and in the range 110 - 140 kJ mol I. his implies that many different 
functional groups in the tar contribute to the formation of these species with very 
different rates leading to a low apparent activation energy. 

Formation of Polycyclic Aromatic Hydrocarbons (PAH) 

Tar reactions have been identified as a source of the soot produced in both 
pyrolysis and combustion systems(2,3). Recent results(5) have also shown that the 
predominant components of the tar produced at temperatures greater than 8OO0C in the 
fluid bed reactor are PAH with up to five rings. 

Mechanisms postulated for the formation of PAH in the combustion of simple hydro- 
carbons in flames include both ionic(l4) and free radical(l5) processes. The 
species observed, and which are regarded as important intermediates in the formation 
of the larger aromatic species, include phenylacetylene, styrene, indene, naphth- 
alene and acenaphthalene. The free radical mechanisms involve addition reactions of 
aromatic radicals (predominantly benzyl and phenyl) to unsaturated aliphatics such 
as acetylenic species and stabilisation of the adduct by the formation of simembered 
rings. Recently Homann(l6) has shown that these species occur in approximately 
equivalent relative amounts in flames burning a very wide variety of fuels. 

The predominant species produced from coal pyrolysis at high temperatures where tar 
cracking is important are remarkably similar to those found in the flame studies. 
Fig. 2 shows yields of phenylacetylene, styrene and indene obtained from the 
pyrolysis of Millmerran coal, in the fluid bed reactor. Analysis of the tar by FTIR 
shows that acetylenic species have also undergone addition reactions with the larger 
aromatic species. 

The similarity of the species distribution observed for the coal pyrolysis products 
and the flame products strongly suggests that a common mechanism is responsible for 
the formation of PAH in these two systems. Thus in addition to their importance for 
soot formation, secondary reactions of volatile8 are an important source of PAH 
formed in combustion. 

Char reactivity 

The combuslon reactivity of the three chars determined in the flow reactor (prod- 
uction temperatures 540, 600 and 800°C respectively) is given in Fig. 3(a). At a 
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combustion temperature of -7OO'C the reactivities of the chars show an inverse 
relationship to their preparation temperature the lower the preparation temperature 
the higher the reactivity( 17). 

The question then arises as to the relative contributions to the observed reactivity 
by the consumption of the volatile and solid components of the char. The data in 
Fig. 3(a) were determined using a flow reactor when the particles and hot gas were 
mixed some distance before the burning suspension passed the positions in the 
reactor where rate measurements were made. There is some indication(l7) that the 
volatile matter is evolved rapidly, and that the burning rate data are for the 
consumption of the solid char after the volatiles have been released. 

Support for this view is given by RybakU.(lO) where the reactivity of the 600°C 
char was determined from a measurement of particle ignition temperature. It was 
found that the ignition temperature was affected by the volatile content of the char 
- the more times the char was cycled through the heated ignition reactor (in the 
absence of oxygen), the higher the ignition temperature ultimately measured. Fig. 
3(b) shows that the reactivity of the char reduces with increasing heating time 
(increasing number of cycles through the reactor) in a manner similar in relativity 
to the reactivity change with pyrolysis temperature shown in Fig. 3(a). After eight 
cycles the reactivity is close to that measured in the flow reactor (and in a quite 
different reactor at the Sandia Laboratories(l8)). 

References 

At 1000°C these differences have largely disappeared. 

1 .  
2. 

3. 

4 .  
5. 

6. 
7. 
8. 
9. 

10. 

11. 
12. 

13. 
14 .  
15. 

16. 

17. 
18. 

Tyler, R.J. Fuel 1980, 2, 218 
Seeker, W.R., Samuelsen, G.S., Heap, M.P. and Trolinger, J.D. Eighteenth 
Symposium (International) on Combustion, p.1213, The Combustion Institute, 
1981. 
McLean, W.J., Hardesty, D.R. and Pohl, J.H. Eighteenth Symposium 
(International) on Combustion, p.1239, The Combustion Institute, 1981. 
Tyler, R.J. Fuel 1979, 3, 680. 
Nelson, P.F. and Tyler, R.J. Twenty-first Symposium (International) on 
Combustion, in press, 1987 
Doolan, K.R., Mackie, J.C. and Weiss, R.G. Combust. Flame 1983, 2, 221. 
Doolan, K.R., Mackie, J.C. and Tyler, R.J. Fuel 1987, 66, 572. 
Edwards, J.H. and Smith, I.W. Fuel, 2, 674-680, 1980. 
Mulcahy, M.F.R. and Smith I.W., PKOC. Conf. CHEMECA 70, Session 2, pp101-118, 
Butterworths, 1970. 
Rybak, W., Zembrzuski, M. and Smith, I.W., 21st Symposium (International) on 
Combustion, 1986 (in press). 
Doolan, K.R. and Mackie, J.C. Combust. Flame 1983, 2, 29. 
Rebick, C. in Pyrolysis, Theory and Industrial Practice (L.F. Albright, B.L. 
Cryres and W.H Corcoran, Eds) p.69, Academic, 1983. 
Nelson, P.F. Fuel, in press 
Hayhurst, A.N. and Jones, H.R.N. J. Chem. SOC. Faraday Trans. 2, 1987, g, 1. 
Bittner, J.D. and Howard, J.B. Eighteenth Symposium (International) on 
Combustion, p.1105, The Combustion Institute, 1981. 
Homann, K.H. Twentieth Symposium (International) on Combustion, p.857, The 
Combustion Institue, 1985. 
Young, B.C. Proc. Int. Conf. on Coal Science, p.260, Dusseldorf, 1981. 
Mitchell, R.E. and McLean, W.J. 19th Symposium (International) on Combustion, 
p.1113, The Combustion Institute, 1982. 

144 



1 

Table 1 K i n e t i c  parameters f o r  formation of products from t a r  cracking 
i n  the shock tube. 

Species  Formed u s - ’  Ea/kJ mol-‘ 

a 4  
C2H2 
C2H4 
C3H6 
‘gH6 co 

7 x 106 
5 lo9 
2 x 1012 
5 1013 
7 x 106 
2 x 108 

110 
220 
230 
260 
110 
140 
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F i g .  1 Arrhenius relationship for polymethylene disappearance 
in fluidised bed reactor. 
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Fig. 2 Yields of indene, styrene and phenylacetylene as a 
function of temperature for pyrolysis of Millmerran 
coal. 
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LOW TEMPERATURE ISOTHERMAL PYROLYSIS OF ILLINOIS NO. 6 AND 
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INTRODUCTION 

Despite what appear t o  be s u f f i c i e n t  suppl ies o f  petroleum and natura l  gas t o  
meet current  U.S. energy needs, i t  i s  almost c e r t a i n  t h a t  f u t u r e  U.S. energy demands 
w i l l  be met i n  p a r t  by syn the t i c  f ue l s  produced from s o l i d  f o s s i l  fue ls .  The vast  
U.S. reserves o f  coal, i n  p a r t i c u l a r ,  have and w i l l  continue t o  rece ive  considerable 
a t t e n t i o n  as a source of  syn the t i c  fue ls .  There are, however, c e r t a i n  fundamental 
cons t ra in t s  t h a t  l i m i t  the e f f i c i e n t  processing and conversion o f  coal t o  syn the t i c  
f ue l s .  Besides t h e i r  chemical and physical heterogeneity, coals have h i g h l y  
aromatic chemical composit ions. The h igh carbon a romat i c i t y  means t h a t  coals  are 
hydrogen-deficient and as such do not  r e a d i l y  convert t o  l i q u i d  and gaseous 
products. Consequently, innovat ive approaches are requi red t o  e f f i c i e n t l y  conver t  
these hydrogen d e f i c i e n t  ma te r ia l s  t o  usefu l  syn the t i c  fue ls .  

Most coal conversion processes requ i re  thermal processing; therefore, p y r o l y s i s  
i s  an impor tant  i n i t i a l  step i n  a l l  coal u t i l i z a t i o n  and conversion processes. 
Although coal  p y r o l y s i s  has been stud ied extens ive ly  f o r  several decades (1-4) i t  
continues t o  be an a c t i v e  area o f  coal research. I n  part,  t h i s  i s  a r e s u l t  o f  coal 
researchers' awareness o f  the need t o  understand py ro l ys i s  i n  re la t i onsh ip  t o  the  
bas ic  s t r u c t u r e  o f  coa l .  

As a f i r s t  s tep towards a systematic approach t o  understanding the  r e l a t i o n s h i p  
between coal s t r u c t u r e  and i t s  conversion dur ing pyro lys is ,  isothermal decomposition 
s tud ies i n  t h e  temperature range o f  375'C t o  425'C have been conducted on I l l i n o i s  
No. 6 and Wyodak coals. While p r e v a i l i n g  a t t i t u d e s  favor the use o f  nonisothermal 
techniques t o  study coal py ro l ys i s ,  these techniques do n o t  e a s i l y  a l low d i r e c t  
measurement o f  a l l  t h e  reac t i on  products. Consequently, de ta i l ed  chemical analyses 
o f  the r e a c t i o n  products  are usua l l y  absent i n  such studies. I n  p a r t i c u l a r ,  
in termediate s ta tes  such as the metaplast are seldom measured d i r e c t l y .  

With isothermal  methods, i t  i s  poss ib le  t o  measure a l l  the products o f  thermal 
decomposition i n c l u d i n g  so lub le intermediates. I n  add i t i on  t o  obta in ing the o v e r a l l  
weight conversions t o  products, de ta i l ed  chemical and spectroscopic analyses can be 
obtained f o r  each product class. For example, elemental analyses o f  a l l  t he  
products prov ide d e t a i l e d  carbon, hydrogen, su l fur ,  nitrogen, and oxygen balances. 
S o l i d  and l i q u i d  s ta te  1 3 C  NMR measurements can be used t o  determine .the 
p a r t i t i o n i n g  o f  a l i p h a t i c  and aromatic carbon i n  the products. 

EXPERIMENTAL 

Coal Samples 

Isothermal p y r o l y s i s  experiments were conductek on I l l i n o i s  No. 6 high v o l a t i l e  
bituminous and on Wyodak subbituminous coal samples. Both coals were crushed and 
screened t o  ob ta in  a 20/45 mesh p a r t i c l f x i z e  d is t r ib ' t l t ion.  The i n i t i a l  crushed 
sample was thoroughly mixed and succe s i v e l y  r i f f l e d  t o  ob ta in  a l i q u o t s  o f  
approximately 22 grams. Py ro l ys i s  stud4%s were conducted on samples taken from 
these a l i quo ts .  U l t ima te  and proximate analyses and carbon a romat i c i t i es  o f  the two 
coals are g iven i n  Table 1. 
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Table 1. Analyses o f  Coal Saoples 

I l l i n o i s  No. 6 Wyodak 

Proximate ( %  mf) 
Ash 8.1 
V o l a t i l e  Matter 39.0 
Fixed Carbon 52.9 

8.0 
47.0 
45.0 

Ult imate (% mf) 
Hydrogen 
Carbon 
Ni t rogen 
Su l fu r  
Oxygen ( d i f f )  
Ash 

5.3 5.5 
74.0 67.5 
1.0 0.8 
3.4 0.7 
8.3 17.5 
8.1 8.0 

Carbon Aromat ic i ty  0.673 0.657 

Pyro l ys i s  Reactor System 

The isothermal py ro l ys i s  s tud ies were c a r r i e d  ou t  i n  a heated %nd-bath reac to r  
system described i n  d e t a i l  elsewhere (5). I n  t h i s  system, nominal ly 10- t o  20-gram 
samples were heated t o  reac t i on  temperature by qu ick l y  immersing a tube reac to r  
conta in ing the coal sample i n t o  a preheated f l u i d i z e d  sand-bath. Typ ica l l y ,  the 
coal sample reached the predetermined reac t i on  temperature i n  less than 2 minutes. 
The reac t i on  was quenched by removing the reactor  from the sand bath and spraying 
l i q u i d  CO2 on i t s  surface. A hel ium sweep gas f l ow  r a t e  o f  30 c h i n  was used t o  
remove the products from the reac t i on  zone. The l i q u i d  product was c o l l e c t e d  i n  a 
dry- ice t rap.  Gaseous products were analyzed by gas chromatography, e i t h e r  by 
c o l l e c t i n g  the  t o t a l  gaseous product i n  an evacuated vessel o r  by analyz ing the 
product gas on-l ine. 

Mater ia l  balances were ca lcu lated by measuring the weight change o f  the coal 
sample, the weight o f  co l l ec ted  l i q u i d ,  the volume o f  co l l ec ted  water, and the 
weight o f  each gas component. The gas evo lu t i on  curves were in tegrated,  t ak ing  i n t o  
account ana ly t i ca l  system delays and backmixing, t o  ca l cu la te  the t o t a l  amount o f  
gas evolved dur ing each experiment. The reactor  ma te r ia l  balance c losures were 
t y p i c a l l y  100.2 5 0.7%. 

Product Analyses 

Elemental analyses (CHN and S )  were obtained on the s o l i d  and l i q u i d  reac t i on  
products us ing standard instrumental techniques. Molecular weights were determined 
by vapor phase osmometry, using py r id ine  o r  methylene ch lo r i de  as a solvent. L i q u i d  
s ta te  13C NMR measurements were made on a Varian CFT-20 or a JEOL 270 MHz NMR 
spectrometer. So l i d  s ta te  13C NMR measurements o f  the s o l i d  products were obtained 
a t  the NSF Regional NMR Center a t  Colorado State Univers i ty .  Gas analyses were 
obtained on a Hewlett Packard 5830 gas chromatograph modi f ied t o  obta in  complete gas 
analyses as f requen t l y  as every 3 minutes. 
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RESULTS AND DISCUSSION 

Soluble Intermediate 

One objective of t h i s  work was to  investigate the transient nature of 
intermediate products t ha t  are formed during pyrolysis. Generally, .global models of 
coal pyrolysis involve some form of intermediate (6-9).  The simplest of these 
models can be writ ten (9). 

coal k' intermediate products 1) 
2 

The intermediate i s  often referred t o  as "thermobitumen" (10) or "metaplast" 
( 6 ) .  Thermobitumen i s  the primary t a r  or bitumen formed during the i n i t i a l  stages 
of pyrolysis and ac t s  as a p las t ic izer  for the coal. Metaplast refers t o  coa: which 
h a s  been transformed into a fluid mass via depolymerization reactions, 1.e.. a 
metastable, p l a s t i c  s ta te .  Neither material is defined i n  terms of solubi l i ty  i n  a 
given solvent as,  for  example, the term bitumen i s  i n  o i l  shale pyrolysis. In f ac t ,  
van Krevelen e t  a l .  (11) preferred the term metaplast t o  avoid the connotation tha t  
thermobitumen i s  a completely soluble material i n  a common petroleum solvent. 
Nevertheless, the properties and kinetic behavior of the soluble portion of the 
intermediate are known to  affect  the p las t ic i ty  and conversion behavior of coals 
(12,13). 

In t h i s  work, the residue coal from each isothermal pyrolysis experiment was 
extracted with chloroform t o  obtain information about the chloroform soluble portion 
of the intermediate. Chloroform was chosen over other commonly used solvents, such 
as pyridine, because i t  does not appreciably dissolve the raw coal and gives f a i r l y  
h i g h  y ie lds  of soluble products from pyrolyzed caking coals (12) .  

Only small amounts of material were extractable w i t h  chloroform a t  any stage of 
pyrolysis for e i the r  coal (Figures 1 and 2). In the context of the simple model 
(Equat ion  1). the data in Figures 1 and 2 i l l u s t r a t e  that  either 1) k 2  >> k l ,  and 
the soluble material i s  not  retained long enough t o  p las t ic ize  the coal or 2)  
significant devola t i l i za t ion  occurs d i rec t ly  from the raw coal, without involving an 
intermediate s t a t e .  The l a t t e r  has been suggested t o  account for the increase i n  
volat i le  matter w i t h  pyrolysis temperature, as well as development o f  f luidi ty  i n  
coal (9 ) .  We have observed a similar behavior of soluble intermediates d u r i n g  
isothermal pyrolysis of New Albany shale from Kentucky, and have concluded t h a t  the  
greater the carbon aromaticity of the source material, the greater i s  the d i r ec t  
conversion of source material t o  products (primarily residue) (14 ) .  

Properties of Residue Products 

Global models of coal pyrolysis, such as t h a t  depicted by Equation 1. do not 
incorporate any components of coal structure,  although the ultimate yields of 
pyrolysis products are  determined to  a large degree by the carbon s t ruc ture  of the  
raw coal. With isothermal pyrolysis methods and solid s t a t e  13C NMR techniques, i t  
i s  now possible t o  measure changes tha t  occur i n  the carbon structure of coal a s  a 
function of time and temerature.  In addition. bv obtaining the ultimate and 
proximate analyses of the.  residue coals,  i t  i s  possible t o  monitor these changes 
quantitatively on a mass basis. These data were collected during the 425'C 
experiments for Wyodak and I l l i no i s  No. 6 coals (Figure 3). 1 

i 
The data i n  Figure 3 confirm that  the a l ipha t ic  carbon weight loss behavior i s  

similar t o  tha t  of the total  carbon. Conversely, the aromatjc. carbon remains 
relatively constant with time. Chou e t  al.. (15) have observed a similar behavior of 
chars produced from flash pyrol s i s  of I l l i no i s  No. 5 coal a t  charring temeeratures 
from 300'C to 800°C. These l a t a  support the theory that  coal devola t i l i za t ion  
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invo lves p r i m a r i l y  the breaking o f  a l i p h a t i c  carbon bonds and t h a t  t he  aromatic 
carbon tends t o  remain i n  the res idue (16). 

Tota l  Aromatic Carbon i n  Products 

During p y r o l y s i s  o f  f o s s i l  fue ls ,  a net  increase always occurs i n  the  amount o f  
aromatic carbon i n  the products ( t a r  p lus res idue)  over t h a t  i n  the  s t a r t i n g  
mater ia l .  This increase r e s u l t s  from aromat izat ion reac t i ons  o f  a l i p h a t i c  moiet ies 
and the associated release o f  l i g h t ,  h igh hydrogen-content a l i p h a t i c  species. 
Aromatization o f  hydroaromatic s t ructures,  such as t e t r a l i n ,  i s  a l i k e l y  mechanism 
f o r  con t r i bu t i ng  t o  the increase i n  aromatic carbon. 

The extent  o f  aromat izat ion dur ing p y r o l y s i s  can be determined by combining 
s o l i d  and l i q u i d  13C NMR measurements and the carbon mass balance data (F igures 4 
and 5). For some experiments NMR carbon a romat i c i t y  and/or t o t a l  organic carbon 

. measurements were not  obtained because i n s u f f i c i e n t  quan t i t i es  o f  t a r s  were 
produced. I n  these cases the amount o f  aromatic carbon i n  the t a r  was estimated 
using the weight percent o f  produced t a r  and the average values o f  organic carbon 
and/or carbon a romat i c i t i es  from other experiments a t  the same temperature. These 
data are denoted by the symbol 0 (Figures 4 and 5). The increases i n  aromatic 
carbon content f o r  the I l l i n o i s  No. 6 and Wyodak coals are about 18% and 10%. The 
reason f o r  the low values i s  t h a t  only about 10% o f  the raw coals was converted t o  
t a r s  a t  the longest t ime (480 min) and h ighest  temperature (425°C) studied. 

An i n t e r e s t i n g  feature o f  the data i s  t h a t  the ne t  production o f  aromatic 
carbon approaches i t s  l i m i t i n g  value dur ing the e a r l y  stages o f  p y r o l y s i s  (F igures 4 
and 5). For example, a t  425°C the net  production o f  aromatic carbon f o r  the 
I l l i n o i s  No. 6 coal has reached 95% o f  the l i m i t i n g  value w i t h i n  2 minutes (F igu re  
4c). S imi lar  behavior i s  noted f o r  t he  Wyodak coal. Thus, aromat izat ion o f  the 
a l i p h a t i c  moiet ies appears t o  be a very f a c i l e  chemical react ion;  however, i t  i s  no t  
poss ib le  from these data t o  determine t o  what extent  these react ions occur d i r e c t l y  

I 

I i n  the s o l i d  coal o r  i n  the produced ta rs .  
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Figure 5 .  Total Aromatic Carbon i n  Products vs. Time for Wyodak Coal 
a t  a) 375'C. b) 400°C. and c) 425°C. 
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CHANGES I N  THE DEGREE OF SUBSTITUTION 
OF PAC FROM PYROLYSIS OF A HIGH VOLATILE BITUMINOUS COAL 

Mary J. Wornat. Adel F. Sarofim. and John P. Longwell 

Department of Chemical Engineering, Massachusetts I n s t i t u t e  of Technology 
77 Massachusetts Avenue, Cambridge.. Massachusetts 02139 

INTRODUCTION 

When pyrolyzed, coal forms a complex mixture of polycycl ic  aromatic compounds 
(PAC). many of which carry funct ional  groups a s  s u b s t i t u t e s  f o r  r ing hydrogen. 
Further subject ion of PAC t o  pyro ly t ic  condi t ions causes changes i n  t h e i r  composi- 
tion--manifested p a r t l y  by changes i n  the  degree of subs t i tu t ion .  The presence o r  
absence of subs t i tuent  groups i s  of importance t o  environmental i s sues  concerning 
both t h e  sources of environmental PAC and t h e i r  hea l th  e f fec ts .  Researchers 
(22.26.36.45) studying PAC i n  the  a i r .  water, and s o i l  have t r i e d  t o  deduce infor- 
mation about the  PAC source f u e l s  and t h e i r  process temperatures from r e l a t i v e  
abundance6 of c e r t a i n  a lkylated and unalkylated PAC. 

Focussing p a r t i c u l a r l y  on alkyl  and amino subs t i tuents .  several  researchers  
(14.18.30.31.32.54) have attempted t o  e s t a b l i s h  a l i n k  between biological  a c t i v i t y  
(i.~. , carcinogenici ty  o r  mutagenicity) and the  presence or absence of subs t i tuent  
groups. Resul ts  t o  da te  ind ica te  tha t  b io logica l  a c t i v i t y  i s  a complex funct ion of  
t h e  ident i ty  of the  parent PAC, t h e  na ture  of the funct ional  group. t h e  s i z e  of t h e  
funct ional  group (18.32). and the  posi t ion of t h e  subs t i tu t ion  (2.3.21.33.34.47)-- 
a l l  fac tors  t h a t  inf luence t h e  electron d i s t r i b u t i o n  within the  compound. It  is 
logica l  t h a t  these  f a c t o r s  should a l s o  be t h e  ones t h a t  govern PAC r e a c t i v i t y  under 
pyro ly t ic  condi t ions,  but a thorough inves t iga t ion  of a l l  of these  inf luences lies 
beyond I t  is our object ive t o  determine how the  de- 
gree of s u b s t i t u t i o n  and t h e  nature  of the  subs t i tuent  groups inf luence t h e  pyrol- 
y s i s  behavior of coal-derived PAC. 

t h e  scope of any s i n g l e  work. 

Previous work has  a l ready revealed some information about pyrolysis-induced 
changes i n  s u b s t i t u t i o n  of PAC from coal pyrolysis .  Ser io  (46) has used nuc lear  
magnetic resonance spectroscopy (NMR) t o  show t h a t  increasing pyrolysis  sever i ty  by 
e i t h e r  temperature o r  time e f f e c t s  an increase i n  aromatici ty  and a decrease in  t h e  
presence of func t iona l  groups. Employing Fourier  transform inf ra red  spectroscopy 
(FT-IR). Solomon, &. (50) and Freihaut and Seery (13) report  t h a t  high temper- 
a t u r e  coa l  t a r  e x h i b i t s  a considerable reduction (as  compared t o  lower temperature 
t a r )  of I R  absorpt ion i n  the  regions associated with funct ional  group attachment t o  
aromatic r ings.  Other researcher6 (5.25.53) have used gas chromatography-mass 
spectrometry (GC-MS) t o  ident i fy  some s p e c i f i c  a lkylated PAC produced i n  coal py- 
ro lys i s  experiments. We are unaware of any work t o  d a t e  t h a t  repor t s  t o t a l  mass 
y i e l d s  of s u b s t i t u t e d  and unsubst i tuted PAC from coal  pyrolysis .  

EXPERIKENTAL EQUIPMEhT AM) PROCEDURES 

To produce t h e  PAC of t h i s  study, 44-53 f i  p a r t i c l e s  of PSOC 997. a Pi t t sburgh  
Seam high v o l a t i l e  bituminous coal, a r e  f lu id ized  i n  argon and fed a t  a r a t e  of 2.5 
g/hour i n t o  t h e  laminar flov. drop-tube pyrolysis  furnace of Figure 1. Detai ls  of 
t h e  furnace appear elsewhere (41). An o p t i c a l  pyrometer is used t o  measure furnace 
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temperature, which can be s e t  t o  values  of 1000 K t o  2000 K by of t h e  
e l e c t r i c a l  power input .  P a r t i c l e  res idence t i m e .  or ”drop distance.” is cont ro l led  
by adjust ing the  v e r t i c a l  pos i t ion  of t h e  watercooled  co l lec t ion  probe. As pyrol- 
y s i s  products e x i t  the  react ion zone a t  5.3 s t d  l/min. they encounter 17.1 s t d  
l/min of argon quench gas a t  the  top of t h e  c o l l e c t i o n  probe and another  4.8 s t d  
l/min through the wal ls  of t h e  probe inner  tube as they t r a v e l  the length of t h e  
co l lec t ion  probe. Leaving t h e  probe, they e n t e r  an impactor f o r  s ize-separat ion of 
the s o l i d  pyrolysis  products. Char p a r t i c l e s .  the  l a r g e r  of these,  deposi t  on t h e  
f i r s t  s tages:  aerosols  (i.~.. PAC-coated soot )  end up on the  lowest impactor 
s tages  and the  Mil l ipore t e f l o n  f i l t e r  (hole s i z e ,  . 2  following the  impactor. 
After  passing through the f i l t e r ,  t h e  gases a r e  channeled t o  inf ra red  de tec tors  f o r  
measurement of CO and C02 and t o  a flame ioniza t ion  de tec tor  f o r  measurement of 
hydrocarbon v o l a t i l e s .  A small por t ion  of gas i s  diver ted t o  a 750 m l  g lass  bulb 
f o r  subsequent GC-MS analysis .  

adjustment 

After a l l  products a r e  weighed, t h e  aerosols  a r e  placed i n  teflon-capped. 
30-1 amber g lass  b o t t l e s  of Caledon d is t i l l ed- in-g lass  HPLC grade dichloromethane 
(DCM) and sonicated f o r  f i v e  minutes. Syringe-fulls of the  p a r t i c l e / l i q u i d  suspen- 
sion a r e  passed through a Mil l ipore t e f l o n  f i l t e r  (hole s i z e  . 2 ~ )  t o  remove t h e  
soot p a r t i c l e s  from t h e  PAC/DCM solut ion.  The mass of the  residue soot  i s  taken 
and subracted from t h a t  before sonicat ion t o  give t h e  mass of t h e  PAC. T r i p l i c a t e  
l O O - p l  a l iquots  of t h e  PAC/DCM solu t ion  a r e  removed, evaporated, and weighed 
according t o  the  procedure of Lafleur. a. (27) t o  v e r i f y  the  PAC y ie lds .  This 
l a t t e r  procedure g ives  2 90% recovery f o r  naphthalene and 100% recovery f o r  spec ies  
of 2 three r ings,  so negl ig ib le  PAC mass i s  l o s t  during evaporation s ince,  i n  our 
experiments. one-ring aromatics and l i g h t e r  hydrocarbons s t a y  i n  the  gas phase; 
only aromatics of 2 two r ings condense onto t h e  soot .  

The PAC/DCH solu t ions  undergo ana lys i s  by GC-MS. HPLC. and FT-IR. The GC com- 
ponent of t h e  GC-MS system is a Hewlett-Packard Model 5890. equipped wi th  a Quadrex 
Super Cap Series .  methyl s i l i c o n e  (f i lm thickness  .10 )xi?) high temperature, alumi- 
num clad capi l la ry  column (15 m x .2  mm i.d.1. Sam le  volumes of .1yl a r e  in t ro-  
duced i n t o  t h e  s p l i t l e s s  in jec tor ,  maintained a t  300 C. The de tec tor  i s  kept  a t  
32OoC. and the  column temperature i s  programmed from 4OoC t o  32OoC a t  10°C/min. 
The mass spectrometer, Hewlett-Packard Model 5970. operates  i n  e lec t ron  impact mode 
a t  an ionizing vol tage of 70 eV. Mass spec t ra  a r e  taken a t  a frequency of .77 
scanslsecond. over a mass t o  charge r a t i o  range of 41 t o  600. 

The HPLC system, f u l l y  described elsewhere (28). c o n s i s t s  of a Perkin-Elmer 
Series  4 quaternary solvent  de l ivery  system coupled t o  a Model LC-85B var iab le  
wavelength u l t r a v i o l e t  (W) detector .  1.5 ml/min of DCH (same grade as  above) 
flows through t h e  s t e r i c  exclusion column (50 cm long x 10 mm i.d.1. which is 
packed with 500 f i  Jordi-Gel poly(diviny1benzene). Samples a r e  in jec ted  through 
e i t h e r  a 6-pl o r  a l O O - p l  Rheodyne in jec t ion  loop, and a microswitch on the  injec-  
t o r  ac tua tes  t h e  da ta  system t o  insure reproducible s t a r t i n g  times. As 
demonstrated i n  another publ ica t ion  ( 2 8 ) .  subs t i tu ted  PAC e l u t e  i n  t h e  f i r s t  23.9 
m l ;  The proport ions of t h e  W response a reas  before and 
a f t e r  23.9 m l  a r e  taken t o  represent  respect ively t h e  proportions of subs t i tu ted  
and unsubst i tuted PAC. (To a l l e v i a t e  uncertainty about t h e  r e l a t i v e  W response 
fac tors  f o r  t h e  two c lasses  of PAC. w e  have co l lec ted  the  e l u a t e s  before  and a f t e r  
23.9 ml f o r  one sample. concentrated them under nitrogen, and subjected them t o  t h e  
microbalance weighing procedure (27) mentioned above. Because the  W a r e a  technique 
gives good agreement with the  weighing procedure, t h i s  l a t t e r ,  more time-consuming 
procedure is unnecessary.) 

unsubst i tuted.  afterward. 
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For FT-IR analysis .  drops of t h e  PAC/DCM so lu t ions  are placed on KBr d i s c s  (20 
mm x 2 mm). and t h e  solvent  is allowed t o  evaporate. The d iscs  a r e  placed i n  an IBM 
Model IR/32 Fourier  Transform Infrared Spectrometer, equipped with a Globar source 
and a mercury-cadmium t e l l u r i d e  detector .  3 e  r e s u l t i n g  absorbance spec t ra  repre- 
sen t  64 scans. taken a t  a resolut ion of 8 cm . To insure t h a t  t h e  PAC composition 
i s  uniform over t h e  surface of t h e  disc. each d i s c  i s  rotated s l i g h t l y  two times 
f o r  addi t iona l  determinations. 

RESULTS AND DISCUSSION 

Figure 2 d isp lays  t h e  y ie lds  of soot and PAC col lec ted  on the  aerosol  f i l t e r  
f o r  the two s e t s  of experiments: S e t  1. constant drop d is tance  (6 in)  and var iab le  
temperature. and Se t  2. constant  temperature (1375 K) and var iab le  drop dis tance.  
Firs t .  i t  should be noted t h a t  our maximum PAC yie ld  of -9% l i e s  s ign i f icant ly  
below t h e  24-26% primary t a r  y i e l d s  obtained from experiments conducted under l e s s  
severe condi t ions (7.46). Our m a x i m u m  PAC y i e l d  or "zero point" thus corresponds 
t o  a s i g n i f i c a n t  degree of primary ta r  conversion (-65%). Evident from Figure 2 
are the drop i n  PAC y i e l d  and the  compensating r i s e  i n  soot  y ie ld  as pyrolysis  con- 
d i t ions  increase i n  severity--by an increase i n  e i t h e r  temperature or distance.  
The 19.86% 
- + 1.09% f o r  Set 2 )  supports  the  previously reported not ion t h a t  PAC serve as pre- 
cursors t o  soot  (9.17.24.42.521. I t  should be borne i n  mind, however, t h a t  our 
experiments and ones done pr ior  t o  them (41) a l s o  show small temperature- and 
time-induced decreases i n  the y i e l d s  of char, C02. and hydrocarbons and an increase 
i n  t h a t  of GO. 

To b e t t e r  understand t h i s  apparent transformation of PAC t o  soot. i t  i s  neces- 
sary t o  i n v e s t i g a t e  t h e  compositional changes i n  t h e  PAC t h a t  accompany t h e i r  
conversion. We have chosen t o  descr ibe compositional changes of t h e  PAC i n  t e r n s  
of t h e i r  aromatic r i n g  number d i s t r i b u t i o n  and t h e i r  degree of funct ional  group 
subs t i tu t ion .  A discussion of changes i n  t h e  r ing  number d i s t r i b u t i o n s  of 
coal-derived PAC w i l l  appear elsewhere (55); t h i s  paper focusses on 
pyrolysis-induced changes i n  the degree of subs t i tu t ion .  

constancy of t h e  sum of PAC and soot  y i e l d s  (21.34% 2 0.97% f o r  Set 1; 

The quest ion of how the degree of s u b s t i t u t i o n  changes can be p a r t i a l l y  
answered by the  GC-MS t o t a l  ion chromatograms i n  Figure 3. fea tur ing  PAC from three  
Set 1 experiments. Since PAC e l u t e  in  the  order  of decreasing v o l a t i l i t y  or of 
increasing molecular weight, addi t ion of a funct ional  group br ings about a small 
increase i n  re ten t ion  time; addi t ion of an aromatic r ing,  a la rge  increase. 
Readily apparent from Figure 3 i s  the  loss of compositional complexity a s  tempera- 
ture  i s  raised.  The lowest temperature sample is comprised of a multitude of 
peeks. many unresolved. which correspond t o  unsubst i tuted PAC and t h e i r  subs t i tu ted  
homologs. )As temperature increases. the  number of peaks diminishes d r a s t i c a l l y .  
Large gaps emerge between c l u s t e r s  of unsubst i tuted PAC isomers--indicating a 
marked deplet ion i n  t h e  subs t i tu ted  species .  

Even though GC-MS can e a s i l y  give a q u a l i t a t i v e  p ic ture  of s u b s t i t u t i o n a l  
differences i n  PAC from coal. it i s  extremely d i f f i c u l t  t o  use GC-MS quant i ta t ive ly  
due t o  t h e  unreso lvabi l i ty  of some peaks. the  uncertainty of response fac tors .  t h e  
limited number of species  included i n  ava i lab le  mass spec t ra  l i b r a r i e s ,  and t h e  
v i r t u a l  i n d i s t i n g u i s h a b i l i t y  of mass spec t ra  of some isomeric PAC ( a t  l e a s t  f o r  
mas8 spec t ra  from systems with e lec t ron  impact ion iza t ion  sources (6.19.23)). Even 
i f  a l l  of these  d i f f i c u l t i e s  a re  surmounted. the  usefulness  of GC-MS s t i l l  extends 
only t h e  por t ion  of the PAC sample t h a t  is  gas chromatographable. i.~.. t o  t h e  t o  

160 



i 

I 

vaporizable components. ( I t  should be noted tha t  t h i s  vaporizat ion l imi ta t ion  of  
GC-MS systems promises t o  soon be eliminated by t h e  introduct ion of new supercr i t i -  
c a l  f l u i d  chromatography-MS systems (351.) 

Unlike GC. HPLC i s  l imited i n  a p p l i c a b i l i t y  only by component s o l u b i l i t y  i n  
t h e  mobile phase: but ,  except f o r  microcolumn HPLC techniques (43). t h e  p r i c e  f o r  
t h e  wider range of component a p p l i c a b i l i t y  is the  l o s s  of separat ion e f f ic iency  as 
evident i n  peak resolut ion.  This "drawback" can be an advantage i n  analyzing m i x -  
tu res  as complex as f o s s i l  fue l  products, however, because HPLC methods can be 
t a i l o r e d  t o  make bulk separat ions according t o  one or two s t r u c t u r a l  parameters. 
We have recent ly  developed a method with a s t e r i c  exclusion HPLC column t h a t  takes  
advantage of a nonexclusion e f f e c t  t o  separate  subs t i tu ted  from unsubst i tuted PAC 
(28). Non-nitrogen-containing PAC with alkyl .  phenyl, hydroxyl, carbonyl, car- 
boxyl, e ther ic .  e s t e r i c ,  cyano. or n i t r o  funct ional  groups e l u t e  as size-excluded 
species. Unsubstituted PAC a r e  adsorbed onto the  column and e l u t e  l a t e r  (28). 
Nitrogen-containing PAC a r e  a l s o  delayed by adsorption unless  they have a subs t i -  
tuent  group t h a t  s t e r i c a l l y  blocks t h e  N atom from the  adsorption s i t e  ( 2 9 ) .  

Figure 4 presents  the  r e s u l t s  of applying t h i s  technique t o  t h e  PAC from t h e  
two s e t s  of experiments. Yields of subs t i tu ted  PAC f a l l  monotonically with e i t h e r  
increasing temperature or drop dis tance.  Over the  temperature in te rva l  inves t iga t -  
ed i n  Set 1. the  drop is  by two orders  of magnitude: over the dis tance i n t e r v a l  i n  
Set  2. the  drop is by almost an order  of magnitude. Yields of unsubst i tuted PAC, 
on the  o ther  hand, exhibi t  a dual behavior. They appear t o  be insens i t ive  t o  pyrol- 
y s i s  conditions a t  temperatures 5 1312 K f o r  Set 1 and a t  dis tances  5 4 inches f o r  
Set 2. Beyond these " c r i t i c a l  values," however, they too decay with an increase  i n  
e i t h e r  temperature or distance.  Again t h e  decl ine i s  more dramatic f o r  t h e  experi- 
ments in  Set 1. 

The q u a l i t a t i v e  s i m i l a r i t y  of the  curves i n  Figure 4a t o  those i n  4b suggests  
t h a t  the  data of the two s e t s  of experiments be compared as  p l o t s  versus a parame- 
ter  of pyrolysis  severity--such as  t o t a l  PAC yield--that accounts f o r  both 
temperature and t i m e  e f f e c t s .  The r e s u l t  of combining Figures 2 and 4 appears i n  
Figure 5. which contains  data  from Sets  1 and 2 a s  wel l  as experiments conducted at  
combinations of temperature and d is tance  not covered by these  Sets. 

The f a c t  t h a t  a l l  t h e  data  ( t o  a f i r s t  approximation) l i e  on the  same l i n e s  
suggests the following f o r  the  ranges of temperature (1125 t o  1473 K) and time (ap- 
proximately .OS0 t o  .325 sec p a r t i c l e  residence times, corresponding t o  drop 
dis tances  of 2 t o  6 i n )  invest igated:  

1) The s p l i t  between subs t i tu ted  and unsubst i tuted PAC i s  so le ly  a func- 
t i o n  of PAC y i e l d  (or conversion) and depends on temperature or time 
only a s  much as  these var iab les  a f f e c t  PAC yie ld  (or  conversion). 

2)  Since pyrolysis  a t  long time and low temperature can give the  same 
r e s u l t s  as a t  shor t  time and high temperature. the  PAC conversion reac- 
t ions  have a narrow d i s t r i b u t i o n  of ac t iva t ion  energies .  

3) I t  is more p r a c t i c a l  t o  r e l a t e  subs t i tu ted  and unsubst i tuted PAC y i e l d s  
to t o t a l  y ie ld  than t o  temperature and residence t i m e ,  quant i t ies  whose 
measurements tend t o  be more system- and method-dependent. 

It is  convenient t o  approximate the  S ( subs t i tu ted  PAC) and t h e  U (unsubsti- 
tuted PAC) curves i n  Figure 5 as  two l i n e  segments of d i f f e r e n t  slope, i n t e r s e c t i n g  
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a t  a c r i t i c a l  PAC y i e l d  Y the  point  a f t e r  which there  is  n e t  loss of unsuhst i tut-  
ed PAC. The va lue  of Y 'is 4.5 mass% of coal--corresponding t o  48% PAC conversion 
i f  the  point  of m a x i m u m  SAC y ie ld  i s  taken as 0% conversion. Since both S and U 
must be 0 a t  Y = 0. t h e  equations f o r  the  l i n e s  can he obtained e a s i l y  i n  terms of 
Y. the  t o t a l  PAC y ie ld :  

Regime 1: Y&Y.lpc u = u  S = Y - u  

Regime 2: Y&YLO u = (UO/YC)Y s = (1- U0/Yc)Y 

Thus f o r  these  experiments. once the  c r i t i c a l  yield Y and t h e  i n i t i a l  y i e l d  of 
unsubst i tuted PAC U have been experimentally d e t e m g e d .  the  y ie lds  of subs t i tu ted  
and unsubst i tuted P8C can be calculated s o l e l y  from measurement of Y. The equa- 
t ions  imply a r a t i o  of S t o  U that .  in  Regime l. decreases with decreasing Y and, 
i n  Regime 2.  s t a y s  constant. The d a t a  match these approximations much b e t t e r  a t  
l a rge  Y than a t  amall Y, however, because t h e  r e l a t i v e  e r r o r  of the  s t r a i g h t  l i n e  
approximations f o r  S and U becomes grea te r  a s  Y decreases. Since secondary pyro- 
l y t i c  reac t ions  depend much l e s s  on the parent  coa l  than do the primary pyro ly t ic  
react ions.  one might expect PAC from other  coals  (especial ly  other  bituminous 
coals)  t o  exhib i t  t h e  same "two l i n e "  behavior of U and S y i e l d s  ( a l b e i t  with d i f -  
fe ren t  values  of Yc and U o ) .  

The t r a n s i t i o n  from Regime 1 t o  Regime 2 in  Figure 5 suggests a change i n  t h e  
nature  of t h e  func t iona l  groups associated with the  subs t i tu ted  PAC. Figure 6 d is -  
plays the  FT-IR spec t ra  of samples from t h r e e  Set 1 experiments--each labeled wi th  
the funct ional  groups conventionally assigned (4.48) t o  peaks a t  p a r t i c u l a r  bands. 
These spec t ra  appear unretouched. i . ~ . ,  t h e i r  basel ines  have not been "corrected" 
t o  screen out t h e  d r i f t  a l legedly due t o  scattfr (44.49.51). The pzyminent func- 
t i o n a l  group absorbances-pccur a t  2850-2980 cm and 1370-1460 c m  f o r  a l k y l  
groups; a t  3150-3550 cm f o r  OH or  t e NH of amides or amines; a t  1260-1280 cm 
f o r  e t h e r i c  C-0; and a t  1690-1730 cm-' f o r  carbonyl groups. The t h r e e  oxygen- 
containing groups--hydroxyl, e ther ,  and carbonyl--are the  same as those reportedly 
found i n  coa ls  of 2 80% carbon (1). 

Socrates  (48) caut ions against  comparing changes i n  r e l a t i v e  i n t e n s i t i e s  of 
funct ional  groups' bands t o  get changes i n  t h e i r  r e l a t i v e  amounts because s i g n a l s  
associated with p a r t i c u l a r  funct ional  groups can be augmented (and sometimes s h i f t -  
ed) by c e r t a i n  adjacent  atoms or  funct ional  groups (=.&.. t h e  in tens i ty  of t h e  C-H 
aromatic s t r e t c h  hand a t  1600 cm-' can be enhanced by e i t h e r  r ing ni t rogen or 
hydroxyl groups (51)): Nevertheless, we can make some q u a l i t a t i v e  observat ions 
from the spec t ra  i n  Figure 6 respon- 
s i b l e  f o r  t h e  3150-3550 cm-I band i n  Figure 6a disappear by 1312 K ( 6 4  and remain 
absent from t h e  spec t ra  of sam l e s  produced a t  higher  temperatures. This ohserva- 
t i o n  is  cons is ten t  with t h e  'H NMR determination of a temperature-induced drop i n  
hydroxyl content of the  bituminous coa l  t a r s  of Collin. e t  1. ( 8 ) .  If. as  recom- 
mended (50). a q m a t i c  H is represented by t h e  700-900 *band and a l i p h a t i c ,  by 
the  2800-3000 cm band, then Figure 6 a l s o  reveals  a reduction i n  a l i p h a t i c  (or 
hydroaromatic) hydrogen r e l a t i v e  t o  aromatic hydrogen--a reduction cons is ten t  w i t h  
the  r e s u l t s  of Solomon. &. (50) f o r  t a r s  of another Pi t tsburgh Seam bituminous 
coal .  Figure 6 a l s o  implies a r e l a t i v e  decrease i n  e ther ic  f u n c t i o n a l i t i e s  and a 
r e l a t i v e  increase  i n  carbonyl f u n c t i o n a l i t i e s  as  temperature increases .  PAC t h u s  
appear t o  adhere t o  the  following order  of reac t iv i ty :  

Most no t iceable  i s  t h a t  the  OH or NH groups 

hydroxyl- and/or amino-substituted PAC > alkyl-  and ether-subst i tuted PAC > 
unsubst i tuted PAC and PAC with carbonyl groups. 
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It i s  i n s t r u c t i v e  t o  compare t h i s  experimentally observed order  of r e a c t i v i -  
ties According t o  t h i s  
theory (11). the  bonding between two reac tan ts  par t ic ipa t ing  i n  any of a number of 
kinds of react ions (e.g.. concerted, f r e e  radical .  ionic)  occurs by overlap of t h e  
highest energy occupied molecular o r b i t a l  (HMO) of one species  with t h e  lowest 
energy unoccupied o r b i t a l  (LUMO) of t h e  other .  Reactions a r e  most e n e r g e t i c a l l y  
favored f o r  high HOMO energies and low LUMO energies. I f  the reac tan t  providing 
the LUMO i s  f ixed,  then the  r e a c t i v i t i e s  of compounds reac t ing  with t h i s  spec ies  
w i l l  follow the  order of t h e  compounds' HOMO energies. Except f o r  a minus s ign .  
ionizat ion poten t ia l s  a r e  "roughly t h e  energies  of the  HOMOs" (11). so lower ion i -  
zat ion poten t ia l s  denote higher  energy HOMOs and higher r e a c t i v i t i e s .  Figure 7 
displays t h e  values of ionizat ion poten t ia l s ,  measured by photoionization mas6 
spectrometry. a s  reported by Franklin. g. (12) f o r  a v a r i e t y  of one- and 
two-ring PAC. Figures 7a. b. and e show t h a t  t h e  r e a c t i v i t y  of an aromatic spec ies  
i s  increased by an increase i n  e i t h e r  t h e  number of a lkyl  s u b s t i t u t e n t s  or t h e  
number of carbons within an a lkyl  subs t i tuent .  Figure 7c reveals  t h e  s t rongly  
ac t iva t ing  e f f e c t  ( r e l a t i v e  t o  benzene) of an amino N at tached d i r e c t l y  t o  the  aro-  
matic ring. Figure 7d shows the a c t i v s t i n g  e f f e c t  of e t h e r i c  o r  hydroxyl groups 
and the s l i g h t l y  deact ivat ing e f fec t  of the carbonyl group. Thus PAC r e a c t i v i t y .  
as  inferred from ionizat ion poten t ia l s ,  follows the  order: 

with what might be predicted from f r o n t i e r  o r b i t a l  theory. 

aromatic amines > aromatic e t h e r s  mult ia lkylated PAC ='phenols  > 
monoalkylated PAC > unsubst i tuted PAC 2 carbonyl-substituted PAC, 

consis tent  with our experimental observations. 

The above order  helps  t o  explain t h e  behavior of the  S curve i n  Figure 5. I n  
Regime 1. the  subs t i tu ted  PAC are  composed of a s igni f icant  port ion of very reac-  
t i v e  compounds with hydroxyl and/or NH. e ther ic ,  and a l k y l  funct ional  groups. The 
S curve f a l l s  s teeply as  these very reac t ive  subs t i tu ted  PAC disappear. By the  end 
of Regime 1. t h e  t o t a l  mass of subs t i tu ted  species--especially t h a t  of t h e  most 
reac t ive  ones--is severely reduced. The s lope of t h e  S curve thus becomes less 
steep. 

In te rpre ta t ion  of the U curve i n  Figure 5 i s  less clear-cut .  I n  addi t ion  t o  
the  values i n  Figure 7. Franklin. 1. (12) provide ionizat ion p o t e n t i a l s  f o r  
some PAC of 2 two r ings (e.&.. anthracene, 7.55 eV; benzo[clphenanthrene. 8.12 e V ;  
and acenaphthylene. 8.73 eV). which ind ica te  a var ia t ion  i n  r e a c t i v i t y  among t h e  
unsubst i tuted PAC a s  w e l l .  of 
the  U curve. 

Two a l t e r n a t i v e s  emerge t o  account f o r  t h e  behavior 

Alternat ive 1 holds t h a t  there  i s  a s igni f icant  difference between t h e  reac- 
t i v i t i e s  of the  unsubst i tuted PAC and t h e  subs t i tu ted  PAC with the  more a c t i v a t i n g  
funct ional  groups (amino. hydroxyl, e ther ,  mult ia lkyl)  . While these highly reac- 
t i v e  subs t i tu ted  PAC are present  (Regime 1). soot  formation i s  dminated  by t h e  
conversion of these  species .  There may be conversion react ions within the  unsub- 
s t i t u t e d  PAC c l a s s  t o  accomodate differences i n  individual  species '  r e a c t i v i t i e s .  
but there  is negl ig ib le  t r a n s f e r  i n t o  t h e  c l a s s  from conversion of subs t i tu ted  PAC 
o r  out of the  c l a s s  from conversion of unsubst i tuted PAC t o  soot  i n  Regime 1. A t  
the  end of Regime 1. however. the  remaining subs t i tu ted  species  a r e  much less reac- 
t i v e  than those i n i t i a l l y  present ,  and t h e r e  is no longer a la rge  d i s p a r i t y  between 
the  r e a c t i v i t i e s  of t h e  subs t i tu ted  and unsubst i tuted PAC. The unsubst i tuted PAC 
begin t o  convert t o  soot  too,  and the  U curve decl ines  i n  Regime 2. 
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Alternat ive 2 suggests  t h a t ,  although the  subs t i tu ted  PAC a r e  more reac t ive  a s  
a c l a s s  than t h e  unsubst i tuted PAC, there  a r e  cer ta in  unsubst i tuted PAC with reac- 
t i v i t i e s  comparable t o  those of the more reac t ive  substi.tuted PAC. These more 
reac t ive  unsubat i tuted PAC convert t o  soot  i n  Regime 1. where t h e i r  loss is o f f s e t  
by a gain i n  unsubat i tuted PAC produced by react ions of subs t i tu ted  PAC. As pyro- 
l y t i c  condi t ions become more severe (Regime 2). conversion of unsubst i tuted PAC t o  
soot preva i l s  Over production of unsubstituted PAC. The balance i s  upset. and t h e  
U curve dec l ines .  

The two Al te rna t ives  represent f a i r l y  extreme cases .  It  i s  c e r t a i n l y  l i k e l y  
t h a t  the  t r u e  i n t e r p r e t a t i o n  l i e s  somewhere between these  extremes. but  our data 
do not permit us t o  be any more exact a t  t h i s  time. 

The three  pronounced peaks between 700 and 900 cm-' i n  the  spectra  of Figure 6 
a r i s e  from aromatic C-H out-of-plane deformation. The p o f i t i o n  of each peak 
denotes the  pumber of adjacent  r ing hydrogen atoms' 830-900 cm , one lone H atom; 
800-860 cm- , two adjacent  H atoms; 735-820 cm-'. th ree  t o  f i v e  adjacent  H atoms 
(40.48). f o r  
t h e  six samples analyzed. Although s e l e c t i v e  removal of PAC with subs t i tuents  a t  
c e r t a i n  pos i t ions  would have some influence on t h e  d i s t r i b u t i o n  of aromatic H 
atoms. one might expect t h e  overal l  loss  of subs t i tu ted  PAC t o  cause a general 
s h i f t  toward a higher  number of adjacent H atoms. Figure 8 displays a s l i g h t  
decrease i n  t h e  f r a c t i o n  of lone H--more pronounced i n  Regime 1 (8.7,Y,4.5)--that 
could be considered cons is ten t  with t h e  l o s s  of subs t i tu ted  PAC. L e s s ' q n a b l e  t o  
explanation, however: is the  increase i n  two adjacent  H a t  the  expense of  the  t h r e e  
adjacent H i n  Regime 2 (Y<4.5)--a sign. perhaps. t h a t  o ther  fac tors  a r e  a l s o  a t  
work. e.&.. des t ruc t ion  of heterocycl ic  s t ruc tures  and r ing  build-up processes t h a t  
can form PAC of l a r g e r  r ing  number and a higher  degree of peri-condensation. 
Figure 8 al lows no conclusions t o  be drawn about t h e  r e l a t i v e  r e a c t i v i t i e s  of d i f -  
fe ren t  pos i t iona l  isomers of subs t i tu ted  PAC. 

Figure 8 por t rays  t h e  var ia t ion  i n  d i s t r i b u t i o n  of aromatic hydrogen 

EXTENSION: IMPLICATIONS FOR SOOT FORMATION 

The conversion of PAC t o  soot  can be approximated by the  following scheme: 

Sub. PAC A U n s u b .  PAC 

where t h e  t h r e e  reac t ions  a re  depicted as i r r e v e r s i b l e  s ince  our experiments never  
show a ne t  production of subs t i tu ted  PAC or  a n e t  des t ruc t ion  of aoot. Although 
many uncer ta in t ies  remain about the r e l a t i v e  dominance of the  three  react ions.  t h e  
data  imply t h e  following about t h i s  network: 

1) I n  both Regimes. at l e a s t  one of e i t h e r  RZ or R1-R3 must occur. 

2)  R3 must occur i n  Regime 2. 

3) I f  soot forms v i a  the combination Rl-R3 .  then R 1  = R3 i n  Regime 

It occurs in  Regime 1 only i f  R1 = R3.  

1 and 
R1 5 R 3  i n  Regime 2. 

4) I f  soot cannot form v i a  the  combination Rl-R3. then R2 must occur 
throughout Regimes 1 and 2; and R 3  must occur only i n  Regime 2. 
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It would appear t h a t  i f  conversion of subs t i tu ted  PAC t o  soot  does f i r s t  
e n t a i l  conversion t o  unsubst i tuted PAC, then it does not merely involve removal of 
the  subst i tuent  group: L e w i s  and Edstrom (38) report  7.12-dimethylbenz[al-anthra- 
cene t o  form s igni f icant ly  more soot  than benz[alanthracene. Davis and Scul ly  (10) 
and Glassman (16) report  t h e  alkylated naphthalenes and benzenes t o  have higher  
sooting tendencies than t h e i r  unalkylated homologs. If benzene, naphthalene. and 
benzIalanthracene a r e  lesh l i k e l y  t o  form soot  than t h e i r  a lkylated der ivat ives .  
then it is unl ikely t h a t  conversion of an a lkyla ted  PAC t o  soot  proceeds v i a  the 
removal of t h e  a lkyl  group t o  form the unalkylated homolog. 

I f .  as  asser ted  by o thers  (20.24,37). the  conversion of PAC t o  soot  involves 
the  formation of a reac t ive  f r e e  rad ica l ,  then PAC r e a c t i v i t y  should c o r r e l a t e  with 
the ease of rad ica l  formation. The formation of a u-type rad ica l  (e.!.. phenyl, 
naphthyl) by abs t rac t ion  of a ring-attached H atom or methyl group requi res  approx- 
imately 100 kcal/mole (37)--a high bond d issoc ia t ion  energy due t o  the  l o c a l i z a t i o n  
of the resu l t ing  f r e e  electron.  To form n-type rad ica ls  like benzyl. however, 
requires  only about 77 kcalfmole because t h e  resu l t ing  unpaired electron i s  reso- 
nance-stabilized (37). Alkyl-substituted PAC would then be expected t o  be more 
react ive than unalkylated PAC. 

Subst i tuted PAC with hydroxyl groups can evident ly  form rad ica ls  even more 
eas i ly .  Gavalas (15) repor t s  t h e  profound ac t iva t ing  e f fec t  of a hydroxyl group 
substitut>ed i n  the ortho or para posi t ion of an aromatic un i t  (Ar) l inked by a 
methylene bridge. Because of keto-enol tautomerism. d issoc ia t ions  of t h e  type 

HO-Ar-CHZ-X HO-Ar-CH2' + X'  (X = H. CH3. Ar. CH2-Ar) 

a r e  very highly energe t ica l ly  favored over t h e  type 

Ar-CH2-X Ar-CH2' + X'. 

Activation energies  f o r  the  dissociat ion of a r y l  and a r y l j a l k y l  e thers  l i e  i n  t h e  
same range as those of aromatics with a lkyl  subs t i tuents  or methylene bridges (15). 
Thus our experimentally observed order of deplet ion of PAC p a r a l l e l s  tha t  suggested 
by ease of rad ica l  formation: hydroxyl-substituted PAC > alkyl-  and ether- subs t i -  
tuted PAC > unsubst i tuted PAC. 

CONCLUSIONS 

1. A s  observed i n  previous s tud ies  i n  our laboratory (42). there  is  a constancy of 
summed PAC and soot  y ie lds  t h a t  ind ica tes  a conversion of PAC t o  soot .  

The a b i l i t y  t o  separate  subs t i tu ted  PAC from unsubst i tuted PAC reveals  d i f fe rences  
i n  t h e i r  pyrolysis  behaviors: A t  low temperatures (I 1312 K a t  6 in )  or shor t  
times (drop dis tances  5 4 i n  a t  1375 K), y i e l d s  of subs t i tu ted  PAC f a l l  markedly 
with an increase i n  e i t h e r  temperature or  t i m e ;  y i e l d s  of unsubst i tuted PAC remain 

! constant. Both c lasses  of PAC reac t  away, however, st higher  temperatures or 
longer times. 

2 .  

I 

). 
3. P lo t t ing  subs t i tu ted  and unsubst i tuted PAC yie lds  versus  t o t a l  PAC y ie ld  Y recon- 

c i l e s  d a t a  taken a t  constant dis tance and var iab le  temperature with those taken a t  
constant temperature and var iab le  distance. Because subs t i tu ted  and unsubst i tuted 
PAC yie lda  prove t o  be so le ly  functions of Y. Y apt ly  serves  as  a s ing le  parameter 
f o r  pyrolysis  sever i ty  s ince it accounts f o r  v a r i a t i o n s  i n  composition due t o  
e i ther  temperature or time. 
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For the bituminous c o a l  invest igated.  the y i e l d s  of subs t i tu ted  and unsubst i tuted 
PAC suggest two PAC conversion regimes. Although r e a c t i v i t i e s  may vary from spe-  
c i e s  t o  species  wi th in  a c lass .  a t  low PAC conversions. subs t i tu ted  PAC as  a c l a s s  
c lear ly  display a much higher  decay than the  unsubst i tuted PAC: Subst i tuted PAC 
y ie lds  f a l l  by a f a c t o r  of -3.5: whereas the  unsubst i tuted PAC show no n e t  change. 
Though s t i l l  evident a t  high PAC conversion, d i f fe rences  i n  the  two c lasses '  decays 
a r e  much less pronounced. those 
of the  subs t i tu ted  PAC, but  both c lasses  undergo s i g n i f i c a n t  conversion t o  soot .  

Conversion of PAC corresponds t o  d i f fe rences  i n  the  kinds of funct ional  groups 
present. A t  h igh values  of Y. FP-IR shows t h a t  there  a r e  s i g n i f i c a n t  amounts of  
PAC with a l k y l ,  e t h e r ,  carbonyl, and hydroxyl and/or amino groups. Further  pyrol- 
y s i s .  however. e f f e c t s  s e l e c t i v e  removal of the hydroxyl- and/or amino-substituted 
PAC. A s  t h e  unsubst i tuted PAC become more prevalent ,  r e l a t i v e  contr ibut ions from 
a l k y l  and e t h e r  f u n c t i o n a l i t i e s  go down and carbonyl subs t i tu t ion  becomes s l i g h t l y  
more s igni f icant  . 
Wirhout specifying t h e  kind of react ion mechanism, w e  can apply f r o n t i e r  o r b i t a l  
theory t o  PAC conversion react ions.  This theory, along with values  of ion iza t ion  
poten t ia l s  found i n  t h e  l i t e r a t u r e  (12). suggests t h a t  PAC r e a c t i v i t y  follows t h e  
order: 

Unsubstituted PAC yie lds  remain appreciably above 

aromatic amines aromatic e thers  2' mult ia lkylated PAC 2' phenols > 
monoalkylated PAC > unsubst i tuted PAC 2 carbonyl-substituted PAC. 

which is  cons is ten t  with our experimental r e s u l t s .  

I f  w e  restrict t h e  PAC conversion react ions t o  involve f r e e  rad ica l  formation, then 
we  again see agreement between theory end experiment. Less energy is  needed t o  
form f ree  rad ica ls  from PAC with hydroxyl. a lkyl ,  and e t h e r  subs t i tuents  than from 
unsubst i tuted PAC. 
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THERMOLYSIS OF SURFACE-ATTACHED 1,3-DIPHENYLPROPANE: IMPACT OF SURFACE 
IMMOBILIZATION ON THERMAL REACTION MECHANISMS 

A. C. Buchanan, 111 and C. A. Riggs 

Chemistry D i  v i  s i  on 
Oak Ridge National Laboratory 

P. 0. Box x 
Oak Ridge, Tennessee 37831-6197 

INTRODUCTION 

Attempts t o  understand t h e  thermal chemistry o f  coal a t  the molecular l e v e l  are 
severely complicated by i t s  inherent  p roper t ies :  a d iverse  ar ray  o f  s t r u c t u r a l  u n i t s  
(e:g., aromatic, hydroaromatic, and h e t e r o c y c l i c  aromatic c l u s t e r s  connected by s h o r t  
a l i p h a t i c  and e ther  l i n k s )  and f u n c t i o n a l  groups (e.g., phenol ic hydroxyls,  car -  
boxyls,  and bas ic  n i t rogens)  i n  a cross-1 inked macromolecular framework w i t h  no 
repeat ing u n i t s  (1,2). h e  s i m p l i f y i n g  experimental approach has been t h e  study o f  
i n d i v i d u a l  model compounds t h a t  high1 i g h t  s t r u c t u r a l  fea tures  i n  coal. A compl i -  
c a t i n g  f e a t u r e  i n  t h e  i n t e r p r e t i v e  e x t r a p o l a t i o n  o f  model compound behavior t o  coal 
i s  the  poss ib le  mod i f i ca t ions  i n  f r e e - r a d i c a l  r e a c t i v i t y  pa t te rns  r e s u l t i n g  from 
r e s t r i c t e d  t r a n s l a t i o n a l  m o b i l i t y  i n  t h e  coal where breaking one bond i n  t h e  macromo- 
l e c u l a r  s t r u c t u r e  w i l l  r e s u l t  i n  r a d i c a l  centers t h a t  are s t i l l  attached t o  t h e  r e s i -  
dual  framework. We are modeling t h i s  phenomenon by s tudy ing  the thermolys is  o f  model 
compounds t h a t  are immobilized by covalent attachment t o  an i n e r t  surface. Previous 
s tud ies  o f  s u r f a c e - i m o b i  1 i zed  bibenzyl  ( 1 , 2 d  iphenyl ethane) showed t h a t  immobi 1 i za- 
t i o n  can pro found ly  a l t e r  f r e e - r a d i c a l  reac t ion  pathways compared w i t h  the  
corresponding f l u i d  phase behavior (3).  
became dominant decay routes lead ing  t o  rearrangement, c y c l i z a t i o n ,  and hydrogenoly- 
s i s  o f  t h e  bibenzyl  groups. 
e f f e c t s  o f  surface immobi l i za t ion  on t h e  thermolysis o f  1,3-diphenylpropane, whose 
f l u i d  phase behavior has been ex tens ive ly  inves t iga ted  (4-8). 

I n  p a r t i c u l a r ,  f ree- rad ica l  chain pathways 

In t h i s  paper we descr ibe pre l im inary  r e s u l t s  on t h e  

EXPERIMENTAL 

Surface-immobilized 1 ,3d ipheny l  propane (--DPP) was prepared a t  s a t u r a t i o n  
coverage by t h e  condensation a t  225 'C o f  excess pHOPh(CH2)3Ph w i t h  the  surface 
hydroxyl  groups o f  a fumed s i l i c a  (Cabosil M-5, Cabot Corp., 200 m2/g) according t o  
t h e  procedure descr ibed prev ious ly  f o r  surface-immobilized bibenzyl  (3) .  Excess phe- 
no l  was removed by heat ing  a t  300 (Batch A) o r  270 O C  (Batch B) f o r  0.5 h under a 
dynamic vacuum. The lower temperature used f o r  Batch B appears t o  minimize a t r a c e  
amount o f  r e a c t i o n  (ca. 0.02%) t h a t  occurs dur ing  t h i s  p u r i f i c a t i o n  stage. GC analy-  
s i s  f o l l o w i n g  a base h y d r o l y s i s  assay procedure (3) gave coverages o f  0.586 (Batch A) 
and 0.566 (Batch B) mmol --DPP per  gram o f  f i n a l  product. The s t a r t i n g  phenol was 
prepared by t h e  a c i d  catalyzed condensation o f  cinnamyl alcohol  (PhCH=CHCH20H) and 
phenol (9) fo l lowed by c a t a l y t i c  hydrogenation (10% Pd/carbon) o f  t h e  o l e f i n i c  i n t e r -  
mediate. 

been thoroughly descr ibed elsewhere (3).  
mater ia l  (0.17-0.23 mmol --DPP) are employed, and v o l a t i l e  products are c o l l e c t e d  i n  
a c o l d  t r a p  and then analyzed by GC and GC-MS. 
at tached products a re  l i b e r a t e d  as phenols f o l l o w i n g  d i g e s t i o n  o f  the  s i l i c a  i n  1 N 
NaOH, s i l y l a t e d  t o  t h e  corresponding t r i m e t h y l s i l y l  ethers,  and analyzed as above. 

Thermolysis ( i n  sealed, evacuated tubes) and product ana lys is  procedures have 
Typ ica l l y  0.3-0.4 g o f  surface-attached 

In  a separate procedure sur face-  
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RESULTS AND D I S C U I S I f i  

Thermolyses have been performed a t  345 and 375 "C, and the  product d i s t r i b u t i o n s  
f o r  the f o u r  major p r imary  products and t h e  major secondary products are shown as a 
f u n c t i o n  o f  --DPP conversion i n  F igure  l a .  
1.94%) were obtained a t  345 "C, w h i l e  t h e  remainder o f  t h e  data was obtained a t  375 
"C. 
terms o f  products de tec ted  and t h e i r  r e l a t i v e  y i e l d s .  The only d i f f e r e n c e  observed 
was a s l i g h t l y  s lower r e a c t i o n  r a t e  f o r  batch B (ca. 30%) perhaps r e f l e c t i n g  a 
s l i g h t l y  h i g h e r  p u r i t y  as a r e s u l t  o f  p u r i f i c a t i o n  a t  the  lower temperature (see 
experimental sec t ion) .  

i n  e s s e n t i a l l y  equal amounts as shown below. 

The two lowest conversion runs (1.50 and 

Resul ts f rom t h e  two d i f f e r e n t  h igh  coverage batches o f  --DPP were cons is ten t  i n  

We f i n d  t h a t  a t  low conversions (<-3%) --OPP cracks t o  form f o u r  major products 

--Ph(CH2)3Ph + --PhCH3 + PhCH=CH2 + --PhCH=CH2 + PhCH3 1) 

1 2 3 4 

Thermolysis o f  l i q u i d  DPP a t  very l o w  conversions a l s o  gave a correspondingly s imple 
product d i s t r i b u t i o n  as shown i n  Eq. 2 (4).  

Ph(CH2)3Ph + PhCH3 + PhCH=CH2 2) 

Hence a t  l o w  conversions, t h e  surface- immobi l ized DPP i s  reac t ing  i n  an analogous 
fash ion  t o  l i q u i d  DPP. The a d d i t i o n a l  product p a i r  observed i n  the  thermolysis o f  
--DPP r e s u l t s  f rom t h e  f a c t  t h a t  t h e  two ends o f  t h e  DPP molecule are no longer 
equ iva len t  u on cova len t  sur face  attachment. The i n i t i a l  r a t e  o f  t h e  --DPP r e a c t i o n  

9 min r e a c t i o n  p e r i o d ) ,  and t h i s  decomposition r a t e  i s  comparable t o  t h a t  measured 
f o r  l i q u i d  DPP (ca. 19% h - l )  (4) .  
a t  h igh coverage i s  n o t  per tu rb ing  the  i n i t i a l  r e a c t i o n  behavior o f  the  DPP moiety. 

cha in  r o u t e  whose c h a i n  propagat ion steps are  shown i n  Eqs. 3 and 4 (4).  I n  the case 

i s  1 5 2 0 %  h- P a t  375 O C  f o r  t h e  two batches (based on a 2.3-3.0% conversion a f t e r  a 

This f u r t h e r  i n d i c a t e s  t h a t  surface immobi l i za t ion  

The f a c i l e  decomposition o f  l i q u i d  DPP was demonstrated t o  a r i s e  from a r a d i c a l  

PhiH2 + PhCH2CH2CH2Ph + PhCH3 + PhiHCH2CH2Ph 3) 

PhCHCH2CH2Ph + PhCH=CH2 + PhCH2 4) 

o f  --DPP, two d i s t i n c t  benzy l i c  r a d i c a l s  can be formed by hydrogen a b s t r a c t i o n  
(Eq. 6) f o l l o w i n g  a smal l  amount o f  i n i t i a l  homolysis (Eq. 5 ) .  Each rad ica l  can then 
undergo a r a p i d  8 - s c i s s i o n  process (Eqs. 7 and 8) t o  produce the surface bound and 
f r e e  styrene products ( 3  and 2 respec t ive ly )  analogous t o  Eq. 4. The f r e e  and 
surface- immobi l ized benzyl r a d i c a l s  propagate the  cha in  by reac t ing  w i t h  --DPP 
(Eq. 6; R = PhCH?) t o  form t h e  f r e e  and surface bound to luene products ( 4  and 1 
r e s p e c t i v e l y )  w h i l e  regenerat ing 5 and 6. 

--PhCH2 + PhCH2CH2 

--PhCH2iH2 + PhiH2 

--Ph( CH2)3Ph 
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--PhtHCH2CH2Ph t RH 6a 1 

--PhCH2CH2iHPh t RH 6b 1 

( o r  --RH) 
5 

( o r  --RH) 
6 

--PhCHCH2CH2Ph + --PhCH=CH2 t PhCH2 7) 
5 

--PhCH2CH2CHPh + --PhCH2 + PhCH=CH2 8) 

6 

No s e l e c t i v i t y  i s  observed f o r  t h e  two poss ib le  decay routes t h a t  form the  product 
p a i r s  1 and 2 o r  3 and 4. This  suggests t h a t  a t  low conversions, rad i ca l s  5 and 6 are 
formed w i t h  equal p r o b a b i l i t y  and t h a t  t h e i r  8-sc iss ion react ions (Eqs. 7 and 8) 
occur a t  equal rates.  Trace q u a n t i t i e s  o f  o ther  pr imary products (each <0.05 mol% o f  
t h e  products) i n c l u d i n g  f r e e  and sur face bound PhC2H5 (Eq. 6; R = PhC2H4) and f r e e  
bibenzyl ( f rom benzyl rad i ca l  coupl ing)  a re  a l so  detected. 

As t he  convers ion o f  --DPP increases, there i s  a divergence i n  t h e  y i e l d s  o f  t he  
f o u r  main products  (Fig. l a ) ,  and several  secondary products a re  formed i n  small b u t  
increas ing y i e l d s .  The most s i g n i f i c a n t  of these (reaching about 2.8 mol X o f  the  
products a t  23% conversion) i s  --Ph(CH2)3Ph--, 7 ( i d e n t i f i e d  by GC-MS as t h e  
corresponding b i s t r i m e t h y l  s i l y l  e the r  a f t e r  workup). The format ion o f  t h i s  doubly 
attached product  a r i s e s  from a secondary reac t i on  t h a t  consumes 3, perhaps v i a  addi -  
t i o n  of  surface-attached benzyl r a d i c a l  (which would normally have reacted t o  form 1) 
t o  the  surface-attached styrene. Addi t ional  secondary products observed a t  h igher  
conversion i n c l u d e  several u n i d e n t i f i e d  isomers o f  composit ion corresponding t o  
--C23H22--. These products a l s o  i n v o l v e  the consumption o f  sur face bound s ty rene  
(and a --DPP) and have a formal analog, 1,3,5-triphenylpentane, amongst t he  secondary 
products detected i n  t h e  thermolys is  o f  l i q u i d  DPP (4).  
conversion s tud ied  (23%), t he  secondary products sum t o  on l y  5 mol % of t h e  t o t a l  
products. The rad i ca l  chain decomposition of surface-immobil ized DPP i s  a very e f f i -  
c i e n t  process w i t h  an estimated k i n e t i c  chain l eng th  (c.1.z (PhVi + --PhVi)/4PhEt) o f  
200 a t  345 "C. 
homolysis (Eq. 5) and t h a t  a l l  PhC2H4. s t a r t  chains. 

One o f  t h e  most i n t e r e s t i n g  features t o  emerge from t h i s  study i s  an observed 
s e l e c t i v i t y  f o r  t h e  rad i ca l  cha in  r e a c t i o n  path t h a t  forms 1 and 2 r e l a t i v e  t o  t h a t  
which forms 3 and 4 as the  conversion increases. 
Fig. l b  where the  s tyrene t o  to luene y i e l d  r a t i o  (these products are no t  consumed i n  
secondary reac t i ons )  i s  used as an i n d i c a t o r  o f  t h i s  s e l e c t i v i t y .  
increases monotonica l ly  from a va lue o f  1.00 (k0.02) i n d i c a t i n g  no s e l e c t i v i t y  a t  
conversions ~ 4 %  t o  a va lue o f  1.41 (t0.04) a t  23% conversion. We prev ious l y  observed 
i n  the  case o f  surface-immobil ized bibenzyl t h a t  reac t i on  ra tes  o f  rad i ca l  chain 
pathways are ve ry  s e n s i t i v e  t o  changes i n  surface coverage (3). These s tud ies  a l so  
l n d i c a t e d  t h a t  un imolecular  steps such as Eqs. 7 and 8 should be unaf fected by such 
surface coverage changes. 
h ighe r  conversions may i n d i c a t e  t h a t ,  as the  molecules o f  --DPP become spread apar t  on 
t h e  surface, hydrogen abs t rac t i on  a t  t h e  benzy l i c  carbon t h a t  i s  f a r t h e s t  f rom t h e  
surface i s  becoming favored, i.e., s e l e c t i v i t y  f o r  format ion o f  6 (Eq. 6b) r e l a t i v e  
t o  5 (Eq. 6a). However t h e  compl icat ion r e s u l t i n g  from t h e  format ion o f  secondary 
products, which l i k e l y  i nvo l ve  t h e  reac t i on  o f  5 and 6, does n o t  a l l o w  a f i r m  

However even a t  t h e  h ighes t  

This  c a l c u l a t i o n  assumes t h a t  t he re  i s  no s e l e c t i v i t y  i n  t h e  i n i t i a l  

I 

1 This  i s  most c l e a r l y  seen i n  

The r a t i o  

The observed r e g i o s p e c i f i c i t y  i n  the  reac t i on  of --DPP a t  
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conclusion t o  be reached a t  t h i s  time. Pdd i t iona l  i n s i g h t s  i n t o  the  cause o f  t h i s  
r e g i o s p e c i f i c i t y  should be gained from c u r r e n t  studies being performed a t  lower i n i -  
t i a l  surface coverages. 

CONCLUSIONS 

Covalent attachment of  o rgan ic  compounds onto an i n e r t  s i l i c a  surface has proven 
t o  be a successful  methodology f o r  exp lo r ing  t h e  thermal r e a c t i o n  chemistry o f  coal  
model compounds under surface- immobi l ized cond i t ions  a t  temperatures re levant  f o r  
coa l  thermolysis.  Previous s tud ies  of surface-attached bibenzyl  showed t h a t  r e s t r i c -  
t i o n s  on f r e e - r a d i c a l  m o b i l i t y  can have a s i g n i f i c a n t  impact on r e a c t i o n  ra tes  and on 
t h e  nature and composi t ion of  t h e  r e a c t i o n  products when compared w i t h  f l u i d  phase 
behavior. The c u r r e n t  i n v e s t i g a t i o n  o f  t h e  thermolysis o f  surface-immobilized 
1,3diphenylpropane has shown t h a t  f a c i l e  decomposition o f  the  t r imethy lene l i n k  by 
means o f  a r a d i c a l  c h a i n  process can s t i l l  occur under surface-immobilized con- 
d i t i o n s .  
p e t i n g  r a d i c a l  cha in  decay pathways t h a t  cyc le  through benzy l i c  r a d i c a l s  5 and 6. 
However a t  h igher  conversions, a s e l e c t i v i t y  i s  observed favor ing  the  r a d i c a l  cha in  
rou te  c y c l i n g  through 6. Experiments a re  i n  progress t o  determine i f  t h i s  selec- 
t i v i t y  i s  a r e s u l t  o f  r e g i o s p e c i f i c  hydrogen t r a n s f e r  on t h e  surface a t  lower sur face  
coverages. 

I 

For --DPP no s e l e c t i v i t y  i s  observed a t  low conversions f o r  t h e  two com- 
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THE.CASE FOR INDUCED BOND SCISSION DURING COAL PYROLYSIS 

Donald F. McMillen, Ripudaman Malhotra, and S .  Esther Nigenda 

Department of Chemical Kinetics, SRI International 
333 Ravenswood Ave., Menlo Park, CA, 94025 

INTRODUCTION 

Most coal pyrolysis models invoke spontaneous thermal scission of inherently 
weakbonds as the sole pyrolytic reaction leading to depolymerization of coal 
structures (1) .* 
the only additional chemical factors that impact the "net" cleavage are 
scavenging and crosslinking of thermally generated radicals, which can be 
affected primarily by varying heating rates and other factors that affect heat 
and mass transport. In contrast to this traditional picture, data obtained by 
various researchers (partly in the context of coal liquefaction), when taken 
together, provide a strong argument that induced scission of strong bonds plays a 
significant role during coal pyrolysis. In this paper we attempt to summarize 
this argument. 

In this view, bond scission is dependent only on temperature; 

The types of bond cleavage occurring during pyrolysis have been obscured in 
part because of the inherent difficulty of obtaining mechanistically significant 
pyrolysis activation energies. It is now well appreciated ( 3 , 4 )  that the 
apparent activation energy for a mixture that decomposes by a sequence of 
parallel first order reactions can, under conditions of rising temperature, lie 
below that of any member of the sequence. This factor is evidently responsible 
for reported activation energies as low, or lower than, 15 c l/mole , when 
coupled with plausible unimolecular scission A-factors (lo1'.' to 10i5.%nd a 5 
to 15 kcal distribution of activation energies, rates measured under non- 
isothermal conditions have been shown to correspond to mean activation energies 
of 50 to 65 kcal/mol (5). 
supporting the original presumption of weak bond thermolysis. 
kcal/mol activation energies in no way exclude bond scission that is chemically 
induced by other components in the pyrolyzing substrate. 
paragraphs, we outline some of the evidence that such induced bond scission can 
take place under pyrolysis conditions, and show how including them helps explain 
certain coal conversion phenomena. 

EVIDENCE FOR THE OCCURENCE OF INDUCED BOND SCISSION DURING PYROLYSIS 

This result has quite naturally been taken as evidence 
However, 50 to 65 

In the following 

Analogy with Coal Liquefaction. Since the acceptance of the weak-bond- 
scission/radical-capping model in coal pyrolysis has followed in large part on 
the acceptance of a similar model in coal liquefaction, and it has now been shown 
that such a model is inadequate (6-9) for liquefaction, it should also be 
considered whether the model is inadequate for pyrolysis. 
relegates the liquefaction solvent to a role of merely scavenging thermally 
generated radicals. However, liquefaction effectiveness of various polycyclic 
aromatic hydrocarbons (PCAH) has been shown very distinctly not to correlate with 
scavenging, or radical-capping, effectiveness ( 6 . 9 ) .  For instance, 9,lO- 
dihydroanthracene and its parent hydrocarbon are generally seen to be 

The traditional model 

*In the most mechanistically complete model of coal pyrolysis presented to date, 
Gavalas and co-workers have included bond scission induced by ipso attack of H- 
atoms on linkages to aromatic rings (2). Their suggestion seems to have been 
either largely ignored, or considered to be a minor side reaction in the 
production of volatiles. 
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substantially inferior to dihydrophenanthrene and dihydropyrene, even though 
dihydroanthracene is a markedly better scavenger. The inferiority of anthracene 
is most pronounced in the case where the solvent has no hydroaromatic hydrogen to 
transfer to the coal, but can only assist in shuttling hydrogen from one part of 
the coal structure to another (10-12). Under these conditions, the traditional 
mechanism requires in-situ formation of hydroaromatic, which then acts as the 
capping agent. Dihydroanthracene is not only the most effective scavenger (13) 
but because of thermochemical and kinetic considerations, is the hydroaromatic 
most readily formed by hydrogen transfer from coal structures. Nonetheless, it 
is typically much less effective than either of the other two PCAH. 

Since it is clear that the hydrogen being "shuttled" is not serving merely 
to scavenge fragments of bonds that have already been broken, it is very likely 
that this hydrogen shuttling is actually inducing bond scission. It is 
interesting to note that liquefaction under shuttling conditions not only 
provides the most striking examples of the inadequacy of the traditional 
liquefaction mechanism, but also resembles coal pyrolysis, in that all of the 
hydrogen demand must be supplied by the coal itself. 

Strong Bond Cleavage by Solvent Mediated Hydrogenolysis. We have used model 
compound studies (6,8) to show that in hydroaromatic-aromatic PCAH systems, 
hydrogen-transfer-induced bond scission (hydrogenolysis) of bonds too strong to 
thermolyze can be significant on liquefaction time scales, even in the absence'of 
H2 pressure. 
show (7) that such cleavage tends to be accelerated by the presence of coals, and 
moreover, to occur by a hydrogen transfer process that does not involve the 
production of free H-atoms. This "radical hydrogen-transfer" (RHT) occurs in a 
direct bimolecular process from cyclohexadienyl "carrier" radicals formed from 
PCAH solvent or coal structures. 

In addition, we have used hybrid coal/model-compound studies to 

r 

The existence of this reaction was for a long time obscured by the fact 
is often in competition with elimination and addition reactions of free H- 
atoms. Evidence for RHT has now been presented by several groups (14-16). 
an addition-elimination sequence can yield the same products as RHT, side 
reactions (H2 formation and ring hydrogenation) are associated with elimination 
addition. For this reason, a shift in the competition between H-transfer by the 
RHT process and an elimination-addition process can have a substantial impact on 
the utilization efficiency of solvent or coal hydrogen (6). Thus, we suggest not 
only that hydrogen-transfer-induced bond scission may be important in coal 
pyrolysis as well as in liquefaction, but also that the mode of hydrogen transfer 
may be more critical in pyrolysis, where the available hydrogen is limited to 
that which can be transferred from the relatively hydrogen-rich portions of the 
coal structure. The importance of hydrogenolysis mediated by solvent radicals 
(or coal radicals) moves such radicals from the category of species for which the 
only goal is to prevent retrograde reactions, to species which can, in addition, 
be sources of bond cleavage activity. 

that it 

While 

Strong-Bond Scission in Pyrolysis of Coal Models. Direct evidence for 
induced scission of alkyl-aryl linkages in the nominal absence of solvents can be 
seen in the pyrolyses of polymeric coal models consisting of aliphatic linkages 
between PCAH clusters. 
polymers (-Ar-CH2-CH2-), at 400 to 430'C and analyzed the tars by field 

Solomon and co-workers have pyrolyzed a series of 
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ionization mass spectrometry (17). This analysis revealed that polymeric coal 
models purposely synthesized to decompose entirely by thermolysis of the weak 
central bond, provide, in addition, a small but significant amount of product 
indicative of cleavage of the much stronger aryl-alkyl linkage. 

i qw2* Y F  + "g-2p,ek, f48 +c% 1 

o~igorneric Countsrwts 

-90% -10% 
Requtres scision of othu 

than benzylic linkages 

The known strengths of the two bonds (18) are such that at 400'C, the thermolysis 
halE-life of the weaker bond several hundred seconds, whereas the half-life of 
the stronger bond would be 10'' times longer - -  wholly unobservable if 
thermolysis were the only available cleavage route. 

BDE - ca 55 kcdlmol BDE m. 07 kmVmol 
hall life (400'C) - 150 e hall life (400.C) - 10 12h 

These results with weakly bonded polymers are parallel to those of Buchanan 
(19) and co-workers who have shown that when bibenzyl is immobilized by bonding 
to a silica surface, induced bond-scissions become substantially more important 
than they are in the liquid phase. The yield of benzene and ethylbenzene ranges 
from about 40 to 70% of the yield of toluene. In other words, for every one to 
two bibenzyl linkages that break spontaneously, there is another, very strong 
bond whose scission is induced by hydrogen transfer. As discussed by Buchanan, 
the restraint provided by the bonding makes radical-radical reactions less 
likely, and unimolecular reactions such as rearrangement and H-atom elimination 
more likely. 
bibenzyl structure. 

The latter reaction can then lead to hydrogenolysis of an adjacent 

1.9 . 36% 15.2.G?4 

Similarly, earlier work by Van Krevelen (20) on polymers that contained no 
weak linkages whatsoever had shown that when heated in a nitrogen stream at 
3'C/min, these single methylene bridged polymers were roughly half converted into 
volatile material during the 30 minute passage through the 450 to 550'C 
temperature range. 

BDE I EB. 85 kcaVmol 
half life (500°C) > 10' h 

-50 wffi 

For the case of the methylene-bridged naphthalene polymer, where the central 
linkage has a bond st ength of - 85 kcal/mol (18). the thermolysis half-life even 
at 550'C would be >10 hours. 
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Pyrolysis of 0- and C- Alkylated Coals. Various groups have shown that the 
methylation of coals (17,21), particularly low-rank coals, prior to pyrolysis 
improves the yields of the volatiles. These yield increases have been 
attributed to inhibition of retrograde reactions involving phenolic -OH, but they 
can also reflect an increased contribution from induced bond scission 
processes. 
have examined the product of 0- methylated and 0- and C- benzylated coals and 
found not only the expected cleavage (thermolysis) of the weak 0-benzyl and C- 
benzyl bonds, but also the cleavage of the much stronger phenyl-C bond. 

This has been illustrated recently by Stock and co-workers (22) who 

IMPORTANCE OF INDUCED BOND SCISSION 

The above results provide a very clear demonstration that induced scission 
of strong bonds in known structures does take place under pyrolysis conditions. 
These results suggest, but do not prove, that such cleavages also take place in 
coals during pyrolysis. However, the pertinent question we have to ultimately 
consider is whether such cleavage is of any significance to the practice of coal 
pyrolysis. 
transfer steps we have found to be important under liquefaction conditions can 
account for striking variations in the yields of oil and gas resulting from 
modest changes in pyrolysis conditions. 

In the following paragraphs we show that the same competing H- 

Oil and Gas Yield Variations in Hydropyrolysis. Gorbaty and Maa have 
reported (27) that the product distribution in a fixed-bed hydropyrolysis is 
critically dependent upon whether the reaction temperature exceeds the threshold 
above which there is a pronounced exotherm. The incremental yields obtained by a 
switch of the pyrolysis gas from N2 to H2 go almost exclusively to oil if the 
temperature remains below this threshold, but go almost exclusively to gas if the 
threshold temperature is exceeded. These results are shown in Figure 1. As 
indicated by the authors, the higher temperatures produced in the exotherm 
evidently result in more ring hydrogenation and ring opening (followed by 
cleavage of the newly produced side chains), yielding more gas. 

c=@ 01111 + cl-  c4 
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Higher gas production with increasing temperature is, of course, a well known 
trend in hydroliquefaction. 
the change, and what makes it so sharp. In the most general terms, it is clear 
that a shift in product distribution is a result of a shift in competing reaction 
types. More specifically, we suggest that it results from a changing competition 
between free H-atom addition and the 
transfer (RHT) process. Both of these processes, in that they put an H-atom on 
the ipso positions of aromatic structures bearing critical linkages, can lead to 
the fragmentation necessary to produce oils. However, under conditions where 
free H-atoms dominate, hydrogen is transferred much more unselectively to aroma- 
tic ring positions, regrardless of whether or not they bear linkages. Conse- 
quently there are, as suggested in reactions 9 and 10, many more side reactions 
that lead to excessive gas formation. 

The question is, what factors are responsible for 

H-transfer via the radical hydrogen- 

To understand why dominance by free H-atoms leads to very inefficient use of 
transferred hydrogen to cleave linkages, it is necessary to consider the fate of 
the "non-ipso" radicals - -  cyclohexadienyl radicals in the coal structure formed 
by H-transfer to positions not bearing any linkage. In contrast to the ipso- 
radicals, which result in rapid and irreversible cleavage of the linkage, the 
non-ipso radicals are sufficiently long-lived to allow subsequent bimolecular 
reactions. Either the initial hydrogen transfer can be followed by further 
hydrogen transfers to produce reduced-but-uncleaved product, or the non-ipso 
radical can transfer a hydrogen transfer back to an aromatic by RHT ( 6 )  leading 
to no net change.* 

radical  ipso  & B - fast @ + x .  11) 

X 

13 1 

*Cleavage of the ipso radical ArX' will generally be so rapid as to be 
.irreversible regardless of the nature of X'. For instance, we estimate, from the 
known bond strengths (18,24), that elimination of an unstablized primary radical 
(a simple alkyl chain from the 9-position of a phenanthrene ring has a half-life 
at 400'C of about lo-' seconds; that is, sufficiently short to make transfer of a 
second hydrogen from any available source (ArH2, H', H2, ArH') uncompetitive. 
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The effectiveness of the aromatic pool in regaining "wastefully" transferred 
hydrogen is a function of the nature and concentration of the aromatic and the 
temperature. 
increases with increasing aromatic concentration in the solvent (or in the coal 
if there is no solvent). 
of aromatic is too low, the non-ipso radicals will obtain a second hydrogen 
(e.g., from another molecule of ArH2) to yield uncleaved dihydro product. 
higher temperatures, the endothermic reactions 

At a given temperature, the rate of this retrieval of hydrogen 

On the other hand, to the extent that the concentration 

At 

ArH' -+ Ar + H' AHH'(Ar - PCAH) > 25 kcal/mol 14) 

are shifted to the right, and any given Ar becomes less effective as a 
"reservoir" for H-transfer activity. 
have a greater opportunity to obtain a second hydrogen to form dihydro- 
aromatics. Such dihydronaphthalene-type species are very reactive and will be 
rapidly further reduced to tetrahydro products. The dihydro and tetrahydro 
products are then subject to ring-opening and loss of all or part of the newly 
formed chains as C1 to C4 hydrocarbons. 

This means that the non-ipso radicals will 

What helps make the shift in incremental yields from oil to gas so dramatic 

When 
is the fact that the decreasing effectiveness of the aromatic pool with 
increasing temperature provides the system with marked feedback potential. 
the temperature reaches the point where ineffectiveness of the solvent pool in 
regaining H-atoms allows sufficient ring hydrogenation such that the heat evolved 
exceeds the fixed-bed heat transfer capability, the temperature begins to rise 
faster. This rise further decreases the ability of the aromatic pool to regain 
wastefully transferred H-atoms, ring hydrogenation is further promoted, the 
temperature goes up still faster, and so on. in an accelerating manner. 

Role of Coal Fragments in Induced Bond Scission. All of the results 
summarized here support, in one way or another, the hypothesis that aromatic/ 
hydroaromatic reaction media, and H2 as well, serve not only to scavenge coal 
radicals, but also to generate hydrogen Zransfer activity. 
probable assumption that the connections in coals consist of some weak covalent 
linkages, which will undergo thermal scission regardless of the reaction medium, 
and some linkages so strong they will cleave only when induced to do so by 
hydrogen transfer, it becomes clear that the radicals generated by scission of 
the weak links have a much more important role to play than merely being "capped" 
by hydroaromatic species (or H2). 
radicals ( e g . ,  benzyl), these radicals typically have no hydrogenolysis activity: 
they cannot transfer a hydrogen to a cleavable substrate because they cannot, in 
so doing, form an aromatic system. If not capped, such thermally generated 
radicals may indeed become involved (as the conventional view would have it) in 
retrograde reactions. The important point however, and the one not included in 
most pyrolysis pictures, is that when the scavenger is a hydroaromatic, the 
capping process actually contitutes a chain transfer step that converts a radical 
with no hydrogenolysis activity into a radical that can induce hydrogenolysis. 

Making the very 

To the extent they are non-hydroaromatic 

ArCH2. + PhenH2 + ArCH3 + PhenH' AH' - -5 kcal/mol 15) 

The potential role of coal radicals in providing hydrogenolysis activity suggests 
that the high reactivity of coals in the initial stages of conversion may result 
from a "burst" of coal radicals that is large compared to the steady state level 
of ArH' supplied by the hydroaromatic media. If this is the case, then the 
conversion of inactive, non-donor radicals into ArH' carrier radicals (by either 
the solvent or by hydroaromatic coal species) could help explain the initial high 
reactivities of coals. If the number of initiating radical species is too high 
to.be quickly disposed of via the normal termination pathways of the medium 
(i.e., radical disproportionation), then there should be a significant increase 
in activity. In hybrid studies involving mixtures of coals and model compounds, 
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we observed (7) that the addition of coal substantially increases the model 
compound hydrogenolysis rate. At 400'C, the rate in the modest liquefaction 
solvent, tetralin, was increased by a factor of about forty. In the more 
effective solvents, dihydrophenanthrene and dihydropyrene, the rate was increased 
by a factor of two to three. Thus, under the liquefaction conditions of these 
experiments, some species generated by the coal (presumably free radicals) very 
clearly were a source of bond cleavage activity, not merely something to be 
scavenged. In the absence of evidence to the contrary, it is reasonable to 
assume that the same phenomenon occurs under pyrolysis conditions. 

Coal Pyrolysis in Reactive Vapors. An awareness of the triple role of 
aromatic/hydroaromatic media (radical scavenger, agent for conversion of inactive 
radicals into hydrogenolytically active radicals, and retriever of wastefully 
transferred hydrogen) raises questions about the relative merits of two different 
approaches to augmenting hydrogenolysis activity in coal pyrolysis: the use of 
high pressure hydrogen and the use of hydroaromatic PCAH vapor. 

The use of hydrogen pressure to augment volatiles yields during coal 
H2 is, of course, a thermodynamically powerful pyrolysis is not a new approach. 

reducing agent. 
kinetically ineffective at low temperatures (in the absence of a catalyst). 
Unfortunately, the low temperature range of coal pyrolysis (300 to 500'C) is 
precisely the region in which coals become highly reactive and in which they seem 
particularly suuceptible to oxidative retrograde reactions. In fact, it is 
already well appreciated (26) that the presence of H2 actually tends to decrease 
volatiles yields (relative to pyrolysis in a vacuum) at temperatures below about 
600'C. 
produced from H2 emphasizes why this is the case. 

However, owing to the strength of the H-H bond, H2 is 

Consideration of the kinetics of the reaction by which H-atoms are 

ArCH2' + H2 + ArCH3 + H' AH' - +16 kcal/mol 16) 

log k16,400(1 m-ls-l) = 1.7 

For Ar -phenyl, this reaction is 16 kcal/mol endothermic (18) in contrast to the 
analogous "scavenging" reaction shown above (reaction 15). which is 5 kcal/mol 
exothermic, and at least 100 times faster at 400°C (at equivalent concentrations 
of the respective "scavengers"). 

log k15,400(1 m-ls-') = 3 . 8  

While the hydrogen carrier radical generated (ArH') is not nearly as active as H' 
on a per molecule basis, it, as discussed above, is much more efficient in 
transferring hydrogen selectively to places where it is utilized for cleavage, 
and it cannot abstract another H-atom to uselessly form H2. In addition, in the 
low temperature pyrolysis region, near-molar concentrations of such PCAH and 
their hydroaromatic derivatives can be generated at pressures in the vicinity of 
one atmosphere, whereas, maintenance of 1M [H ] requires about 800 psi. Finally, 
the Ar/ArH2 mixtures are themselves sources o$ these hydrogenolytically active 
radicals (by reverse radical-disproportionation (25.26) that can rival in numbers 
the radicals thermally generated from the coal structures. Thus, it seems likely 
that heating the coal in the presence of ArH2/Ar vapors (or with "pre-loaded" 
Ar/ArH2) could offer some of the conveniences of pyrolysis, and be, in the 350 to 
500'C temperature range, a more effective way of inducing hydrogenolysis in the 
coal structures than is provided by heating in hydrogen pressure. 
work of Gorbaty and co-workers (27) will presumably shed some light on the 
practicality of this approach, as well as providing data that will help to unify 
the chemical pictures of coal liquefaction and gasification. 

The recent 

I 
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CONCLUSION 
In summary, experimental evidence now strongly supports the hypothesis that 

induced cleavage of strong bonds is a significant part of coal pyrolysis as well 
as liquefaction. Furthermore, conversion results indicate that shifts in the 
modes of hydrogen transfer affect hydrogen utilization efficiency and product 
distribution, and that variations in reaction conditions do indeed have an impact 
on the induced bond scission processes. 
fruitful working hypothesis for coal pyrolysis/gasification research is that such 
induced bond scissions can be substantial and are subject to manipulation, and 
assert that attempts at manipulation are more likely to be successful to the 
extent that we obtain an improved understanding of the chemistry of these 
cleavage processes. 
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Taken from the data of Gorbaty and Maa, 1986. 

Condition Changer 

Each of the three sets of bars should be viewed in i so lat ion from the other 
n o .  Each represents the distributlon of the gJdttlanaL yie lds  obtained as a 
result changing from one set  of conditions t o  mother. 

Cond. 1. 372 -> 465"C, 35 mln, N 2  

Cond. 2.. 372 -> 46SoC, 35 mln, H 
Cond. 3. 372 -> 525"C, 85 mln, H z  

Figure 1. Incremental Yields Resulting from Gas and Temperature 
Changes in Coal Pyrolysis 
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Kodelling the Thermal Reactions of Benzyl Phenyl Sulfide 

by 

Xarzin A. Abraham' and Michael T. Klein* 
Departuent of Chemical Engineering 

Cnivers i ty of Delah-are 
Newark, DE 19716 

The reactions of benzylphenylsulfide (BPS) neat, in benzene, in 
tetralin and with added thiophenol were studied. A free-radical 
mechanism described the neat pyrolysis of BPS to the major 
products zoluene, thiophenol, diphenyldisulfide, and diphenylsul- 
fide. An analytical rate expression deluced from this mechanism 
was consistent h-ith resulrs from both neai pyrolysis and reaction 
wizh additives. The secondary reactions of primary products were 
detailed. 

Our i2terest in the resolution of reaction fundaentals in supercritical fluid 
(SCF) solvenzs has motivated careful study of the thermolysis pathways, 
kinetlcs and mechanisms that will generally occur in parallel with any 
possijle solvolysis. 
taining oxygen (Lawson and Klein, 1085; Townsend and Klein, 1985) and nitrogen 
(abra5am and Klein, 1985; Tiffany, et al., 1984), but not sulfur, have been 
reported, our interest extended eo the reactions of benzylphenylsulfide (BPS). 
Herein we report on a mathematical model of BPS pyrolysis that is based on our 
o m  esperiments and also the literature base on which our work is built. 

Previous studies suggest that neat pyrolysis of SPS proceeds by a free-radical 
mechanisn! (Actar, 1978). The mechanism likely involves fragmentation of the 
C-S bond :o a free-radical pair followed by stabilization through hydrogen a3- 
stracrion, from either a hydrogen donor source, such as tetralin, or other hy- 
drocarbon moleccles in the reaction mixture. Fisari and coirorkers (198&) py- 
rolysed B?S in benzene and in zetralin. For rePCtion in beazene, they ?est"- 
lated char B?S clea-:ed io a benzyl-phenylthiyl radical pair, which stabllized 
primarily by recombination. 
was from zetralin, which led to a tetralyl radical intermediate whose dispro- 
portionacion ultimately led to naphthalene. Huang and SeocZ (1982) also de- 
scribe a free-radical mechanism f o r  BPS decoaposition. 
provides a good foundation from which to model the reaczion of BPS. 

Our irvescigazion into the reactions of BPS addressed its neat pyrolysis 
first. 
tailed probe of :he mechanism, which included reaction in the hydrogen-donor 

Since reactions with a SCF solvent of compounds con- 

For reaction in tezralin, hydrogen abstraczion 

Thus the literazure 

Siecial attention was paid to derivative experiments, used in a de- 

~ 
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solvent t e t r a l i n ,  r eac t ion  i n  the  i n e r t  so lvent  benzene, reac t ion  with :he ad-  
d i t i on  of thiophenol. and the  pyro lys i s  of diphenyldisulfide.  This provided a 
bas i s  with vhich t o  summarize the experimental r e s u l t s  i n  terms of p laus ib le  
reacrion parhways and a reac t ion  model. 

EXPERIMENTAL 

Tne reacranrs ,  so lven t s ,  and GC standards were a l l  corrmercially ava i lab le  and 
used as received. A t yp ica l  experilrental procedure was as  follows: the reac-  
t a n t s ,  so lvent ,  and the demonstrably i n e r t  (Toh-nsend and Klein,  1985) in t e rna l  
s tan lard  biphenyl were loaded i n t o  batch "tubing bomb" r eac to r s  comprising one 
Swagelok por t  connector and two caps o f  1/4"  nominally s i zed  s t a i n l e s s  s t e e l  
pa r t s .  
sandjath.  In a?proximately two min. t h e  reac tors  reached the  nominal reac t ion  
temperature and, a f t e r  t h e  des i red  t i m e  had passed, reac t ions  were quenched by 
inser r ion  of the r eac to r  i n t o  a cold water bath.  
concentration of BPS was 0 .5  mol/L. 

Spectrophotometric-grade acetone o r  reagent-grade retrahydrofuran was used t o  
co l l ec t  a l l  mater ia l  from the  reac tors  i n  one phase. Product i den t i f i ca t ion  
was accorrplished on an HP 5970 se r i e s  GC/t?SD equipTed with a 60m DB-5 fused- 
s i l i c a  capillar; ;  column. 
using an HP 5863 instrument with the same type of cap i l l a ry  column and a flame 
ioniza t ion  Cetector.  Response fac tors  were estimared from analyses of s tan-  
dard a ix tu res ,  -ihich allowed quan t i t a t ive  ca l cu la t ion  of product y i e lds  and, 
hence, an obser..ed product index (OPI). This was :he sum of the  mass of  
identified GC-elutable products divided by the  i n i r i a l  mass of reac tan t  
charged. 

The tubing bombs were sea led  and immersed i n  a cons tan t  temperature 

A representa t ive  i n i t i a l  

Quant i ta t ion  of individual product y i e lds  was by GC 

RESULTS 

The reactions of benzylphenylsulfide (BPS) with a s e t  o f  coreactants comple- 
mented the s:udy o f  i t s  nea t  pyrolysis and allowed a deeper probe of operarive 
pathvays and mechanisms. 
highlighted uniuolecular f i s s i o n  s t eps ,  whereas reac t ion  i n  benzene allowed 
de tera ina t ion  of t he  ove ra l l  reac t ion  order .  
no1 probed a major non-primary pathway, and the  secondary reac t ion  of 
diphenyldisulfide (DPDS) was inves t iga ted  through its nea t  pyro lys i s .  
experimental conditions and major products a r e  sumrarized i n  Table 1. 

The presentation of the r e s u l t s  is organized i n t o  sectcons t h a t  
respec t ive ly ,  nea t  pyro lys i s  and the  de r iva t ive  copyrolysis experiments. 
Withirt each secr ion ,  the iden t i ty  of a l l  products and ;he temporal v a r i a t i o n  
of tha y i e lds  ( , T ~  = ni/nBPSo) of  major products a r e  presented f i r s t .  
follo;.ed by exauination of product s e l e c t i v i t y  (yi/x) and the  e f f e c t  of the 
loadizg of add i t ive  i (Si - :io/nBPSo). Likely pathways and t h e i r  kinezics 
a re  presented i r?  t he  discussion. 

Neat Jv ro lvs i s .  
Other major 3ro luc ts  were DPDS, diphenylsulfide (DlS), and thiophenol;  
diphezyluethane and bibenzyl were minor products.  The :emporal va r i a t ions  o f  
the  yields of major products from pyro lys is  a t  300'C a re  shown i n  Figure 1, 
which ind ica res ,  by t h e i r  i n i t i a l l y  pos i t i ve  associated. s lopes ,  t h a t  toluene, 
DPDS and thiophenol were primary products.  O P I  w a s  g rea t e r  than 0.9 a t  a BPS 

Reaction i n  t h e  hydrogen-donor so lvent  t e t r a l i n  

Experiments with added thiophe- 

The 

d e s c r i j e ,  

Tnis is  

Toluene was :he major product o f  t i e  nea t  pyro lys i s  of BPS. 
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conversion x - 0 . 9 ,  which occurred after 120 min. 
constants and associated Arrhenius parameters for the disappearance of BPS 
during neat pyrolysis are summarized in Table 2 .  

Reaction in tetralin. Thermolysis of BPS in tetralin led to toluene and thio- 
phenol as major products along with minor amounts of diphenylmethane and DPDS. 
The temporal variations of the yields of the major products from thermolysis 
at 340°C are shobn in Figure 2 ,  which indicates, by their initially positive 
slopes, that both toluene and thiophenol were primary products. 
above 0.9 at a BPS conversion of 0.95, which occurred after 120 min. BPS 
disappearance in zetralin was described by the pseudo-first order rate 
constants indicated in Table 2 .  
0.087, indicating that BPS reaction in tetralin was much slower than its 
disappearance during neat pyrolysis. 

The effect of tetralin loading on the reaction of BPS was studied over the 
range ST = nTETo/nBPSo from 0.0 to 2.0 at 300'C. 
decreased BPS conversion (x) and increased selectivity (si - yi/x) to the 
major products toluene and thiophenol. 
x and T~/X are plotted vs. ST for a constant reaction time of 50 min. During 
neat pyrolysis (ST - 0 )  of BPS. x was approximately 0.9 after 50 min, whereas 
it was only 0.15 at ST - 2.0 after the same reaction time. 
toluene increased from 0.4 to 1.0 and the selectivity to thiophenol increased 
from 0.1 to 0 . 8  as ST increased from 0.0 to 2.0. 

Reaction ;n Benzene. Reaction of BPS in benzene at 2 7 5 ° C  at varying initial 
BPS concentrations allowed determination of an apparent overall reaction or- 
der. Tne resulting pseudo-first order rate constants for the disappearance of 
BPS are plotted vs. initial BPS concentration in Figure 4. The best-fit 
straight line has a slope of approximately 0.2, in6ica:ing an overall reaction 
order of 1 .2  in BPS concentration over the range of conditions examined. 
pseudo-first order rate constant correspondi g to 
tration of 0.6 mol/L in Figure 4 is 4 . 4 7 ~ 1 0 - ~  min-':somewhat less than the 
experimentally determined neat pseudo-first order rate constant of 0.01 min-l 
at the same conceniration. 

Reaction with Thio3henol. 
phenol vitn initial molar ratios [STHp - nTHPo/nBPSa] ranging from 0.0 (neat 
pyrolysis) to 1 .68  yielded toluane, DPDS, and DPS is major products; diphenyl- 
methane and bibenzyl were rrinor products. 
variation of product yields for Smp - 1.68. The disappearance of BPS in the 
presence of th'ophenol was characterized by a pseudo-first order rate constant 
of 0.0445 min-*, comparable to that observed from nsat pyrolysis. 

The effect of added thiophenol on BPS decomposition is illustrated in Figure 
6 ,  a plot of BPS conversion and major product selecxivities vs. STHp for a 
constant reaction time of 20 min at 300°C.  
x decreased from approximately 0 .85  to 0.7, whereas toluene and DPDS se- 
lectivity ( ~ T ~ ~ / x ~ ~ ~ ;  yDPDS/xBDS) increased from 0 . 3  to 0.7 and 0.6 to 1 . 3 ,  
respectively. 
zyl radical, and the thus-formed phenylthiyl redicel underwent termination by 
coupling. 

The pseudo-first order rate 

OPI remained 

For reaction at 3 0 0 " C ,  krel - kTET/kNUT - 

Increasing ST simultaneously 

This is illustrated in Figure 3 ,  where 

The selectivity to 

The 
neat pyrolysis concen- 

Pyrolysis of BPS at 300'C in the presence of thio- 

Figure 5 surunarizes the temporal 

As STHp increased from 0 to 1 . 6 8 ,  

Evidently thiophenol functioned as a hydrogen donor to the ben- 
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Neat pvrolvsis o f  Diphenvldisulfide.  
DPS as a primary product;  thiophenol was a minor product. OPI was 0 .9  a t  60 
min, which corresponded t o  a DPDS conversion and DPS y i e l d  of 0 .7 .  Thus the 
se l ec t iv i zy  of the  reac t ion  of DPDS t o  DPS was e s s e n t i a l l y  1 . 0 ,  which implies 
t h e  formation o f  elemental su l fu r .  The disappearance of PDS w a s  charac te r -  
i zed  by a pseudo- f i r s t  order r a t e  constant of 0.0196 min- . 

Neat pyro lys i s  o f  DPDS a t  300°C y ie lded  

f 
DISCUSSION 

The l i ce ra tu re  and present  r e s u l t s  f o r  nea t  p y r o l p i s  and r eac t ion  in t e t r a l i n  
combine t o  provide the b a s i s  f o r  development of the msthematical model. 

BPS Thernolvsis Mechanism. The decomposition of  BTS i s  reasonably in te rpre ted  
as a s e t  of f r e e  r a d i c a l  s teps  l i k e  those described by At ta r  (1978), Mi l le r  
and Ste in  (1979), and Huang and Stock ( 1 9 8 2 ) .  I l l u s t r a t e d  i n  Figure 7a,  a 
consisten: sequence of  s t eps  is i n i t i a t e d  through f i s s i o n  a t  t he  r e l a t i v e l y  
weak (bond d i s soc ia t ion  energy = 53 kcal/mol (F ixar i  e t  a l . ,  1 9 8 4 ) )  C - S  bond. 
BPS consurqtion a l s o  occurs through hydrogen abs t r ac t ion  by the  i n i t i a t i o n -  
generated benzyl o r  phenylthiyl r ad ica l s ,  which leads io  toluene o r  thiophenol 
and a BPS r a d i c a l .  
c a l  w i l l  produce roluene and a phenylthiyl r ad ica l .  
recombination can involve: two phenylthiyl r ad ica l s ,  y ie ld ing  DPDS; two benzyl 
r ad ica l s ,  producing bibenzyl;  o r  o ther  r ad ica l s  (B3S r ad ica l s ,  fo r  example), 
y ie ld ing  uobse rvab le ,  higher-molecular-weight oligomers. 
mencary scep Ls requi red  t o  account fo r  the  minor amounts of diphenylmethane 
observed and a l s o  the secondary conversion o f  DPDS t o  DPS. 
t e r  might no t  ac tua l ly  occur i n  a s ing le  elementary s t e p .  

Pseudo-steady s t ace  ana lys i s  of the elementary s t eps  o f  Figure 7 allows 
der iva t ion  of an ana ly t i ca l  r a t e  expression. Under the condition of  a steady 
s t a i e ,  the  r a t e  of i n i t i a t i o n  must equal the r a t e  o f  termination of r ad ica l s ;  
w e  a l so  consider che concentration of each r ad ica l  pl, B 2 ,  and p t o  be in  a 
pseudo-steady s t a t e .  Thus, with the  ove ra l l  BPS reac t ion  r a t e  as  i n  Eq. 1, 

Abstraction of hydrogen from thiophenol by a benzyl r a d i -  
Termination by r a d i c a l  

An add i t iona l  e l e -  

Note t h a t  the  l a t -  

r [BPSl(k1 + k281 +k382) (1) 

t he  balanccs on B1 and B2, which y i e l d  E q .  2 and 3 f o r  B1 and p 2 ,  
respectively , 

81 kl[BPSl/(k2[BPSl f k5[THP1) (2) 

allow formulation o f  the  ove ra l l  r a t e  of decomposition as  i n  Eq. 4 .  
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Thus the overall BPS reaction rate is a combination of a first-order term and 
higher-order terms and is therefore consistent with the experimentally deter- 
mined reaction order of 1 .2 .  

The dependence of r (Eq. 4 )  on the addition of thiophenol to the reaction 
mixture provides further scrutiny of the mechanism of Figure 7. This is the 
derivative of the rate with respect to thiophenol concentration. shown as Eq 
6 .  

dr - =- 

Since the square root term in Eq. 6 is greater than unity, the term in the 
braces must be positive. 
in thiophenol loading. This is consistent with the observed decrease in 
conversion with the increase in thiophenol loading illustrated in Figure 6. 

The observed effect of thiophenol loading on produce selectivities also probes 
the candidate mechanism. According to Figure 7, the rate of toluene formation 
is 

Thus the rate of reaction decreases with increases 

d[TOL]/dt - k2P1[BPS] + kjP1iTHPj ( 7 )  

which, after substitution for ,91 from Eq. 2 reduces to 

d[TOL)/dt - kl[BPS] (8) 

It is convenient to use the instantaneous selectivity s1 - dyTOL/dx 
vehicle with xhich to analyze the overall selectivicy s2 - yToL/x. 
[BPSl0tx/d: and d[TOL]/dt - [BPS],dyTOL/dt, s1 is given as Eq. 9. 

as a 
Since r - 

s1 - d[TOL]/r - kl[BPS]/r (9) 

Differentiation with respect to thiophenol concentration, holding (BPS] con- 
stant is in the present experiments, provides Eq. 10 as the sensi:ivity of the 
instantaneous selectivity to the addition of thiophenol. 

dsl/d [ THP] - - kl [ BPS ] r -2  (c'r/d [ THP ] ) (10) 

Thus, since dr/d[THP] is always negative, as shown in Eq. 6, s1 will always 
increase with increases in [THP]. 
perimentally is consiscent with the mechanism of Figure 7 .  

Likewise, the elementary step leading to DPDS suggests Zq. 11 for its 
formation rate. 

Hence the increase in s 2  observei ex- 
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d[DPDS]/dt - k4p22 (11) 

This combines w i t h  the  pseudo-steady s t a t e  concentration of p2 from Eq. 3 t o  
a l l o w  formulation of Eq. 12 

f o r  the  overa l l  r a t e  of formation DPDS. This ,  i n  t u rn ,  allows the determina- 
t i on  of s1 f o r  DPDS and, hence, dsl/d[THP] f o r  DPDS a s  Eq. 13. 

k, b k, tBPs1' 1 =+ 
d mp1 ( k, Wsl+ k, ITHPlf 

Eq. 13 pred ic t s  t h a t  t he  s e l e c t i v i t y  t o  DPDS w i l l  increase  as the  concen- 
t r a t i o n  of thiophenol i n  the  reac t ion  mixture increases.  This was observed 
experimentally, as shown i n  the  p lo t  of s2 f o r  DPDS vs. thiophenol loading of 
Figure 6.  

Thermolysis of BPS i n  t e t r a l i n  is by the  nea t  pyro lys i s  s t e p s  and add i t iona l  
s teps  involving t e t r a l i n  and its derived r ad ica l s .  These a r e  i l l u s t r a t e d  i n  
Figure 7b, s t eady- s t a t e  ana lys i s  of which allows formulation of the  ove ra l l  
BPS reac t ion  rate a s  Eq. 1 4 :  

I n  the l i m i t  of high t e t r a l i n  loading, Eq. 14 reduces t o  r - kl[BPS], l e s s  
than one-half  rhe  r a t e  predicted fo r  nea t  pyro lys i s .  This i s  consiscent w i th  
the  experimentally determined r a t e  cons tan ts  l i s t e d  i n  Table 2 .  Under these  
condi t ions ,  the r a t e s  of  toluene and thiophenol formation a r e  given by Eq. 13, 

d[TOL]/CC 5 d[THP]/dt kl[B?S] (15)  

which shows cha t  added t e t r a l i n  w i l l  increase  the s e l e c c i v i t y  t o  both to luene  
and thiophenol. 
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CONCLUSIONS 

1. 
to toluene, thiophenol, and diphenyldisulfide. Pseudo-steady state analysis 
of consistent elementary steps allowed formulation of the rate expression as: 

Neat pyrolysis of benzylphenylsulfide was through a free-radical mechanism 

Results of experiments with a set of co-reactants were consistent'with the 
rate expression and aided in the elucidation of the mechanism. 

2 .  
This is consistent with the theoretical rate expression derived from the pos- 
tulated mechanism. 

The overall reaction order for pyrolytic decomposition of BPS was 1.2. 
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NOMENCLATURE 

ki 
"i 
OPI 
r 
si 
s1 
s2 

Yi 
[ I  

X 

rate constant 
mole number of i 
Observed Product Inde Cwe-ghti/weightBpSo 
reaction rate, mol L-f'min-' 
coreactant loading, nio/nBPSo 
instantaneous selectivity of i, dyi/dx 
integral selectivity of i, yi/x 
conversion, l-nBpS/nBPSo 
molar yield of i, ni!yBPSo 
concentration, mol L 

Chemical Species 
BPS Benzylphenylsulfide, PhCH2SPh 
DPDS Diphenyldisulfide, PhSSPh 
DPS Diphenylsulfide, PhSPh 
THP Thiophenol, PhSH 
TOL Toluene, PhCH3 

Greek Symbols 
benzyl radical 
phenylthiyl radical 
BPS radical 

p1 
82 
P 

Subscripts 
0 initial condition 
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Table 1: 
Benzyl Phenyl Sulfide. 

Experimental conditions for the reactions of 

Additive Temperature Major Products 
(“C) 

Neat 275-386 Toluene, Thiophenol 
Diphenyldisulfide, 
Diphenylsulfide 

Tetralin 300-386 Toluene, Thiophenol 

Benzene 275 Toluene, Thiophenol 
Diphenyldisulfide, 
Diphenylsulfide 

Thiophenol 300 Toluene, Diphenyl- 
disulfide, Diphenyl- 
sulfide 

Table 2: Pseudo-firsc-order rate constants 
summarizing the reactions of Benzyl Phenyl Sulfide. 

Temperature Neat Pyrolysis In Tetralin 
(‘C) 

275 0.0182+0.0039 

300 0.0334+0.0019 0.0029f0.0006 

340 0.175+0.045 0.0269f0.0008 

386 0.530+0.046 0.3467f0.0286 

loglOA(min-l) 7.25 13.4 

E*(kcal/mol) 22.6 41.7 



1 ? 

Figure 1: 
pyrolysis e.c 300'C. 

Iec?oral var iat ion of che y ie lds  of chhe products of neat BPS 

198 
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Tetrolin Loading ST = nTm/nBps 
0.0 0.4 0.8 1.2 1.6 2.0 

Figure 3:  DvenCence of product selectiviry and SPS conversion on recralin 
concenzra:ion Curing rcacrion a t  3oo*c, 
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-3.0 -2.6 -2.2 -1'.8 -1.4-1.0 -0.6-0.2 

Figure 4 :  Overall Order 05 reaczion of BPS in beirene. 
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Figure 5 :  
1 . 6 8 .  

BOS pyrolys is  az 300'C wirh added cniophenol: Sv,p - flTsp/flBpS - 

l n I  
L i  

o . o !  , , , . , . , . , . : , ,  

0.0 0.2 0.4 0:6'0,3 1.0 1.2 1.4 1.6 
Thiophenol Loac'ing 

STHP = n T H P ~ P S  

Figure 6 :  
concentra:ion during rezccion ac 300.C. 

DepnCence of product se1ec: iv iq  a d  5PS conversion on thiophenol 
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Figure 7: Free-rzlicnl sre?r for BPS reaction: (a) 6eat 7yrolysis: (b) Alei- 
:ional sreps :or renc:ion virh tezralin. 
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A NOVEL APPLICATION OF 31P NMR SPECTROSCOPY TO THE ANALYSIS 

I N  COAL EXTRACTS AND CONDENSATES 
A. E. Wroblewski, R. Markuszewski, and J. G. Verkade 

F o s s i l  Energy Program, Ames Laboratory  
and 

Department o f  Chemistry, Iowa S ta te  U n i v e r s i t y ,  Ames, Iowa 50011 

OF ORGANIC GROUPS CONTAINING -OH, -NH AND -SH FUNCTIONALITIES 

Abs t rac t  

Over one hundred model o rgan ic  compounds i n c l u d i n g  phenols, a l i p h a t i c  
a l coho ls ,  aromat ic  ac ids ,  a l i p h a t i c  ac ids ,  amines. and t h i o l s  have been 
d e r i v a t i z e d  w i t h  two members o f  a ph s ho 
reagents, namely, C l m  and Clkkd.$$. Measurement o f  proton-decoupled 
3 lP  chemical s h i f t s  o f  t6ese d e r i v a t i v e s  revea ls  t h a t ,  i n  genera l ,  t h e  resonances 
f a l l  i n t o  we l l - separa ted  reg ions  f o r  d e r i v a t i z e d  c lasses o f  these o rgan ic  
compounds. Both phosphorus reagents were a l s o  t e s t e d  on p y r i d i n e  e x t r a c t s  o f  
I l l i n o i s  No. 6 coal ,  r e v e a l i n g  t h e  presence of  va r ious  phenols, c a r b o x y l i c  ac ids,  
and a l i p h a t i c  a lcohols .  
condensate f rom I l l i n o i s  No. 6 coal  showed no  d e t e c t a b l e  concen t ra t i ons  o f  
c a r b o x y l i c  acids, a r e l a t i v e l y  small  amount o f  a l i p h a t i c  a lcohols ,  b u t  
cons iderable q u a n t i t i e s  o f  a v a r i e t y  o f  phenols. 
l i m i t a t i o n s  o f  t h i s  NMR techn ique  and i t s  a p p l i c a b i l i t y  t o  t h e  q u a n t i t a t i o n  o f  
-OH, -SH and -NH f u n c t i o n a l i t i e s  i n  o rgan ic  s o l u t i o n s  o f  coa l -de r i ved  m a t e r i a l s  
a r e  discussed. 

e e r i e s  o f  phosphorus-conta in ing 

S i m i l a r  d e r i v a t i z a t i o n  o f  a low- temperature p y r o l y s i s  

The c u r r e n t  scope and 

I n t r o d u c t i o n  

Analys is  o f  coal -de r i ved  m a t e r i a l s ,  such as low- temperature p y r o l y s i s  
condensates, i s  u s u a l l y  c a r r i e d  ou t  by GC/MS methods. 
a r e  r e l a t i v e l y  non - rou t i ne  and t i m e  consuming. As an a l t e r n a t i v e  as w e l l  as 
complementary approach, I S  and NMR spec t roscop ic  procedures have been developed 
i n  recent  years. A l though d i r e c t  a n a l y s i s  o f  complex m ix tu res  ob ta ined  i n  coa l  
process ing can sometimes be performed, d e r i v a t i z a t i o n  o f  c e r t a i n  c lasses  o f  
compounds with s u i t a b l e  reagents i s  advantageous i n  NMR spectroscopy i f  t h e  
reagent  i n t roduces  an NMR-reactive l a b e l  t h a t  g i ves  a resonance s i g n a l  s p e c i f i c  
f o r  t h e  component b e i n g  analyzed. 

been performed by s i l y l a t i o n z - 6  o r  a c e t y l a t i o n 6 ~ 7  fo l l owed  by IR5,  FT-IR297 
and/or  ‘H 2 * 3 9 6 ,  2 9 S i  4, and 13C NMR2s6 measurements. I n  o t h e r  s t u d i e s ,  
d e r i v a t i z a t i o n  of v a r i o u s  phenols  w i t h  hexaf luoroacetone a l lowed obse rva t i on  o f  
19F NMR s i g n a l s  assoc ia ted  w i t h  t h e  adducts.6’8’9 The 31P nucleus i s  a l s o  
s u i t a b l e  f o r  NMR mon i to r i ng .  The P ( V )  reagents d ie thy l ch lo rophospha te  and 
chloro(dimethy1)thiophosphinate have been used f o r  t h e  d e r i v a t i z a t i o n  o f  v a r i e t y  
of phenols; however, t h e  resonances o f  t h e  r e s p e c t i v e  a romat i c  e s t e r s  spanned 
reg ions  o f  o n l y  about 1 ppm. 1 0  I n  con t ras t ,  t h r e e  P ( I I 1 )  organophosphorus 
reagents were examined p r e v i o u s l y  i n  t h i s  l a b o r a t o r y ,  o f  which 
2-chloro-1,3,2-dioxaphospholane appeared t o  be ve ry  p romis ing  i n  terms o f  
widening t h e  chemical s h i f t  range t o  achieve b e t t e r  peak separat ion.  11 

o f  2-chloro-l,3,2-dioxaphospholane (1) l2 and i t s  4,4,5,5-tetramethyl analogue 
(qi3 as reagents f o r  t h e  d e r i v a t i z a t i o n  and a n a l y s i s  by 31P NMR 
spectroscopy o f  a v a r i e t y  o f  phenols, a l i p h a t i c  a l coho ls ,  c a r b o x y l i c  ac ids ,  

However, t hese  techniques 

Previous de te rm ina t ions  o f  OH f u n c t i o n a l i t i e s  i n  coa l -de r i ved  m a t e r i a l s  have 

I n  t h i s  repo r t ,  we present  p r e l i m i n a r y  r e s u l t s  on t h e  scope and l i m i t a t i o n s  
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amines, and t h i o l s .  I n  a d d i t i o n ,  t h e  a p p l i c a b i l i t y  o f  bo th  reagents t o  t h e  
i d e n t i f i c a t i o n  o f  components b e a r i n g  -OH, - N H ,  and - S H  f u n c t i o n a l i t i e s  i n  coa l  
e x t r a c t s  and p y r o l y s i s  condensates i s  assessed. The condensates were ob ta ined  
from a low-temperature p rehea t ing  s tep  in tended t o  modify a chemical l e a c h i n g  
process f o r  d e s u l f u r i z a t i o n  o f  coal. l4 

Exper imenta l  

An NMR tube (10 mm) was charged under N ,  with ch lo ro fo rm-d  (2.0 mL), 
chlorophospholane (1, 0.20 mL o r  2, 0.25 mL), and t r i e t h y l a m i n e  (0.31 
mL). For  q u a l i t a t i v e  measurements, t h e  s tandard s o l u t i o n s  were reac ted  a t  room 
temperature wi th model compounds (a drop o f  l i q u i d  o r  a few c r y s t a l s  o f  s o l i d ) .  
31P NMR spect ra were recorded a f t e r  success ive a d d i t i o n s  o f  d i f f e r e n t  model 
compounds u n t i l  t h e  reagent was almost exhausted. 
m a t e r i a l s ,  approx imate ly  100-200 mg o f  t h e  coa l  e x t r a c t s  o r  p y r o l y s i s  condensates 
were added t o  t h e  s tandard s o l u t i o n s ,  and 31P NMR spec t ra  were recorded a f t e r  15 
m i  nutes. 

F o r  a p p l i c a t i o n  t o  coal  -de r i ved  

The e x t r a c t s  and condensates were prepared f rom an I l l i n o i s  N o .  6 coal .  For  
p r e p a r a t i o n  o f  t h e  e x t r a c t ,  about 1 g o f  coa l  was r e f l u x e d  f o r  2 hr. w i t h  d r y  
p y r i d i n e  under N,.  
t h e  same I l l i n o i s  N o .  6 coal  a t  455' f o r  
N and c o l l e c t i n g  t h e  v o l a t i l e s  condensing i n  an a i r - c o o l e d  column packed w i th  
gfass beads. 

The condensate was ob ta ined  by p y r o l y z i n g  another  sample o f  
45 min. i n  a p r o t e c t i v e  atmosphere o f  

For a 25-9 charge o f  coa l ,  t h e  y i e l d  o f  condensate was about 1-2 g. 

Resu l t s  and Discuss ion 

Regions assoc ia ted  w i t h  t h e  31P NMR resonances f o r  r e p r e s e n t a t i v e  model 
phenols, a l i p h a t i c  a l coho ls ,  c a r b o x y l i c  ac ids ,  amines, and t h i o l s  d e r i v a t i z e d  
w i t h  1 and 2 a r e  shown i n  F igu res  1 and 2, r e s p e c t i v e l y .  

O e r i v a t i z a t i o n  o f  phenols wi th 1 a t  room temperature a f f o r d e d  t h e  
respec t i ve  2-aryloxy-l,3,2-dioxaphospholanes ins tan taneous ly .  Most o f  t h e s e  
compounds gave 31P NMR resonances i n  a r a t h e r  narrow reg ion  (128.5 t o  129.1 ppm). 
Only d e r i v a t i v e s  o f  d i - o r t h o  s u b s t i t u t e d  phenols  showed s i g n a l s  a t  lower  f i e l d  
(131.0 - 131.5 ppm), w i t h  a l o w - f i e l d  l i m i t  o f  136.42 ppm f o r  2 ,6-d i - t -buty l -4-  
methylphenoxy-1,3,2-dioxaphospholane. With reagent 2, b e t t e r  separa t i on  o f  
t h e  3 l P  NMR s i g n a l s  o f  d e r i v a t i z e d  phenols (138.0 - 139.7 ppm) and d i - o r t h o  
s u b s t i t u t e d  phenols (142.9 - 143.7 ppm) was achieved. 
r e a c t i o n  was completed a t  room temperature i n  l e s s  than  f i v e  minutes, except  f o r  
2,6-di-t-butyl-4-methyl phenol which d i d  no t  r e a c t  a t  a1 1, presumably because o f  
i t s  bu l ky  nature.  

d i s p l a y i n g  31P NMR s i g n a l s  between 127.4 and 129.5 ppm, and between 134.8 and 
136.2 ppm, r e s p e c t i v e l y .  4 l t hough  t h e  se ts  o f  resonances f o r  phenols  and 

I n  these  cases, t h e  

Carboxy l i c  ac ids  r a p i d l y  reac ted  w i t h  1 and 2 t o  g i v e  d e r i v a t i v e s  
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c a r b o x y l i c  a c i d  d e r i v a t i z e d  w i t h  1 were p a r t i a l l y  superimposed, good 
separa t i on  o f  these reg ions  was observed when 2 was used as the  d e r i v a t i z i n g  
reagent. 

A l i p h a t i c  hydroxy f u n c t i o n a l i t i e s  can a l s o  be analyzed by 31P NMR 
spectroscopy a f t e r  d e r i v a t i z a t i o n  w i t h  t h e  reagents 1 and 2. 
4 lkoxyphosphi tes d e r i v e d  f rom 1 presented 31P NMR s i g n a l s  between 133.4 and 
136.0 ppm, w h i l e  those  obta ined from 2 revealed abso rp t i ons  from 146.4 t o  
148.8 ppm, w i t h  e x c e p t i o n  o f  d e r i v a t i v e s  o f  t e r t i a r y  a l c o h o l s  ( t r i p h e n y l c a r b i n o l  
and t - b u t a n o l )  which resonated f a r  u p f i e l d  (both a t  142.8 ppm). I n  both cases 
t h e  reg ions o f  abso rp t i ons  f o r  d e r i v a t i z e d  a l i p h a t i c  a l c o h o l s  a re  w e l l  separated 
from those o f  phenol s and c a r b o x y l i c  acids. 

31P NMR resonances o f  amines d e r i v a t i z e d  w i t h  reagents 1 and 2 are 
w i d e l y  spread, o v e r l a p p i n g  reg ions  represented by a l i p h a t i c  a lcohols ,  phenols and 
c a r b o x y l i c  acids. On t h e  o t h e r  hand, 31P NMR s i g n a l s  o f  compounds hav ing t h e  P-N 
bond are s i g n i f i c a n t l y  broader  than  those f rom o t h e r  d e r i v a t i v e s ,  t hus  making 
t h e i r  assignment t o  amines easy. 

The few t h i o l s  examined showed t h a t  t h e  31P NMR s i g n a l s  f o r  t h e i r  r e a c t i o n  
products  w i t h  1 and 2 (190 t o  210 ppm and 210 t o  220 ppm, r e s p e c t i v e l y )  
a re  down f ie ld  from t h e  reg ions  observed f o r  phenols and a l i p h a t i c  a l coho ls .  
Thus, t h e  technique shows good promise f o r  i d e n t i f i c a t i o n  of SH-bearing groups. 

D e r i v a t i z a t i o n  o f  a low- temperature p y r o l y s i s  condensate f rom I l l i n o i s  No. 6 
coal  w i t h  1 and 2 revea led  t h e  almost e x c l u s i v e  presence o f  a v a r i e t y  o f  
phenols  (F igures 3 and 4, r e s p e c t i v e l y ) .  I n  add i t i on ,  r e s i d u a l  q u a n t i t i e s  o f  
a l i p h a t i c  hyd roxy l  groups were de tec ted  a t  135 - 135.5 ppm and 147 - 148 ppm, 
r e s p e c t i v e l y .  No c a r b o x y l i c  ac ids  were found, however. An i d e n t i f i c a t i o n  o f  
phenols  was c a r r i e d  o u t  by t h e  a d d i t i o n  of s e l e c t e d  a u t h e n t i c  compounds t o  t h e  
d e r i v a t i z e d  condensate c o n t a i n i n g  an excess o f  2. Th is  procedure a l lowed us 
t o  t e n t a t i v e l y  ass ign  most o f  t h e  prominent  s i g n a l s  t o  s p e c i f i c  s u b s t i t u t e d  
phenols  (F igu re  4). The presence o f  such a v a r i e t y  o f  pheno l i c  compounds i s  
cons i s ten t  w i t h  t h e  well-documented r o l e  t h a t  phenols p l a y  du r ing  low- temperature 
p y r o l y s i s  o f  coal . I 5 9 1 6  

A p y r i d i n e  e x t r a c t  o f  I l l i n o i s  No. 6 coal  was d e r i v a t i z e d  w i t h  both reagents 
t o  g i v e  deep-brown opaque s o l u t i o n s .  Examination o f  these s o l u t i o n s  by 31P NMR 
spectroscopy showed broad abso rp t i ons  (F igures 5 and 6), which revealed t h e  
presence o f  mos t l y  phenols  (a t  138-140 ppm), t o g e t h e r  wi th a small  amount o f  
d i - o r t h o  s u b s t i t u t e d  phenols ( a t  about 143 ppm). I n  a d d i t i o n ,  s i g n i f i c a n t  
amounts o f  c a r b o x y l i c  ac ids  were found i n  t h e  e x t r a c t  a t  135-136 ppm. 
I d e n t i f i c a t i o n  o f  p a r t i c u l a r  pheno l i c  and/or a c i d i c  components was prec luded b y  
t h e  breadth o f  s i g n a l s .  Furthermore, t h e  e x t r a c t  d e r i v a t i z e d  w i t h  1 
d isp layed  a p p a r e n t l y  s i g n i f i c a n t  amounts o f  a l i p h a t i c  OH f u n c t i o n a l i t i e s  ( a t  
about 135 ppm), w h i l e  t h e  e x t r a c t  d e r i v a t i z e d  w i t h  2 showed only  a r e l a t i v e l y  
smal l  q u a n t i t y  o f  t h i s  f u n c t i o n a l i t y .  Th i s  c o n t r a d i c t o r y  r e s u l t  i s  c u r r e n t l y  
under  f u r t h e r  i n v e s t i g a t i o n .  

Conclus ions 

Reagents o f  t h e  t ype  1 and 2 p r o v i d e  improved 31P chemical s h i f t  
d i s p e r s i o n  f o r  compounds d e r i v e d  f rom c a r b o x y l i c  ac ids,  phenols, a l coho ls ,  
amines, and t h i o l s .  Therefore, t hey  o f f e r  cons ide rab le  promise f o r  t h e  
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F igure  5. 31P NMR spectrum o f  a pyr id ine  ex t rac t  o f  I l l i n o i s  No. 6 coal d e r i v a t i z e d  w i t h  1. 

4.0 ppm - c__ c1 

A l i p h a t i c  OH groups Phenols Phenol S COOH 

115 170 16b 160 155 Id0 145 140 1$5 130 1kPPM 

F igure  6. 31P NMR spectrum of a pyr id ine  e x t r a c t  o f  I l l i n o i s  No. 6 coal d e r i v a t i z e d  w i t h  2. 
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i d e n t i f i c a t i o n  (and p o s s i b l y  q u a n t i f i c a t i o n )  o f  coa l -de r i ved  o rgan ic  m o i e t i e s  
bonded t o  -OH, -NH, and -SH f u n c t i o n a l i t i e s .  Such a c a p a b i l i t y  w i l l  be ex t reme ly  
u s e f u l  i n  c h a r a c t e r i z i n g  coal  e x t r a c t s ,  p y r o l y s i s  condensates, and l i q u e f a c t i o n  
products. 
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INTRODUCTION 

Most coal devolatilization studies so far have focussed on the determination o f  
reaction rates for reactions occurring under widely different conditions 
encountered in liquefaction, gasification, coking or combustion processes. 
Published rates on more or less comparable coals may differ by several orders o f  
magnitude, especially when obtained at high temperatures (>lo00 K) and/or high 
heating rates (102-105 K/s)  (1,2). 

At the present state-of-the-art in coal devolatilization research, more emphasis 
should perhaps be placed on elucidating the mechanisms of the chemical reactions 
underlying the observed phenomena. When studying thermal conversion reactions in 
coal it seems correct to concentrate first on the so-called "primary" reactions 
before attempting to elucidate the many possible secondary reaction pathways. 
This is especially true since most secondary reaction pathways are strongly 
influenced by reactor design and experimental conditions. 

The devolatilization behavior of coal will be determined primarily by the chemical 
composition of coal and secondly by the experimental conditions. Under properly 
designed vacuum micropyrolysis experiments working with sufficiently small 
particles (<50 M diameter), it is possible to avoid mass and heat transport 
limitations (3) and minimize the secondary reactions. Using premium coal samples 
from Argonne National Laboratory (4) the chemical composition can be well defined 
and possibly characterized by major factors such as rank and depositional 
environment (5). Recent advances in pyrolysis mass spectrometry (Py-MS), viz, 
time-resolved Py-MS (TR Py-MS), along with multivariate analysis techniques enable 
extraction of underlying chemical components (6) from a single experiment; thus 
reducing the uncertainty due to varying reactions conditions in different 
experiments. This paper demonstrates the feasibility of obtaining valuable 
mechanistic and kinetic data using microgram amounts of carefully selected coal 
samples under properly designed reaction conditions using TR Py-MS techniques in 
combination with advanced multivariate data analysis methods. 

EXPERIMENTAL 

A sample of hvAb Pittsburgh #8 coal was picked up in large chunks from the mine 
mouth and subsequently ground and sieved under nitrogen. 
analysis data are shown i n  Table I. 
in detail. 

(Time-Resolved Pyrolysis Mass Spectrometry) 
Time-resolved Py-MS analyses were done under the following conditions: Curie-point 
temperature 61OoC, temperature-rise time 5.4 s, total heating time 10 s, electron 
energy 12 eV, mass range scanned 50 to 200 amu, scanning speed 1000 amu/s, number 
of scans 41, total scan time 8 s. Each spectrum scanned was stored separately in 
the IBM 9000 computer. 
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Ultimate and proximate 
Sample preparation was discussed earlier (7) 



(Mult ivar ia te  Data Analysis) 
In order t o  give a l l  t h e  var iables  an equal contr ibut ion,  and f o r  reasons ex- 
plained by Malinowski ( 8 ) ,  f a c t o r  ana lys i s  was done on the  "correlat ion around the  
or igin"  matrix. 
determining t h e  leve l ing  off of  the s lope (8)  and the  r a t i o  of the eigenvalue ( 9 ) .  
Deconvolution of t h e  components was performed by using a combination of "pure mass" 
(8 , lO) and "var iance diagram" (VARDIA) ( 6 )  techniques. 

(Kinet ic  Analyses) 
Kinetic ana lys i s  was based on the  t o t a l  ion cur ren t  p lo t .  
t h a t  each maximum i n  the  bimodal curve r e f l e c t s  a s ing le  r a t e  process and t h a t  a 
f i r s t  order r a t e  equation descr ibes  the  process. 
the maximum r a t e  o f  generat ion a t  t h e  peak of the curve a r e  l i s t e d  in Table I .  
d i s t r ibu ted  a c t i v a t e d  energy model (11) was used a s  an a l te rna t ive  approach. 

For t h i s  s tudy,  the number of fac tors  used was selected by 

The assumption was made 

The parameters computed based on 
The 

RESULTS AN0 DISCUSSION 

The time-resolved t o t a l  ion cur ren t  (TIC) p r o f i l e  of the  Pittsburgh #8 coal sample 
i s  shown in Figure l b .  The TIC p r o f i l e  has a d i s t i n c t l y  bimodal character  with a 
pronounced low temperature maximum near 37OoC and a l a r g e r ,  high temperature 
maximum near 56OoC. These temperatures, estimated from the  temperature/time 
p r o f i l e  of t h e  blank Curie-point pyrolysis  f i lament  (shown in Figure l a )  a r e  
believed t o  be accurate  within 5%. The time-integrated spectrum of t h e  coal 
sample, shown in F i g u r e  2, shows t h a t  the most abundant homologous ion s e r i e s  in  
the pyrolysis  mass spec t ra  of f resh whole coals  a re  the  "phenols". 
components dominating t h e  spec t ra  a r e  the "benzenes", "naphtha1 enes" and the shor t  
chain a l i p h a t i c  hydrocarbons. 
obtained on 102 Rocky Mountain coals  ( 5 ) .  

Us ing  the  mul t ivar ia te  data  ana lys i s  procedures, mentioned before, the  evolution 
p r o f i l e s  of t h e  components ( separa te  groups of correlated mass peaks) were 
obtained. These p r o f i l e s ,  labeled A ,  B ,  C and D a r e  shown in Figure I C .  The 
corresponding numerically extracted spec t ra  showing the  composition of each com- 
ponent along with t h e  t o t a l  variance percentage a re  shown i n  Figure 3a, b, c and d .  

The low temperature component A appears t o  represent  a vacuum d i s t i l l a b l e  o i l  
consis t ing la rge ly  of aromatic hydrocarbon s e r i e s  ("benzenes", "naphthalenes" and 
"biphenyls/acenaphthenes"). Bench sca le  vacuum extract ion s tudies  of a hvBb 
Hiawatha coal showed t h e  naphthene r i c h  d i s t i l l a b l e  f rac t ion  t o  represent  approx. 
4% of t h e  f resh  coal (12) .  I t  i s  now ra ther  widely accepted t h a t  coal deposi ts  go 
through an " o i l  formation window" during t h e i r  coa l i f ica t ion  h is tory  i n  a s imi la r  
manner observed f o r  o i l  shale  deposi ts .  Maximum o i l  generation i s  l i k e l y  t o  occur 
in  coals  of high v o l a t i l e  bituminous rank. In te res t ing ly ,  in our experience this  
component i s  not  readi ly  observed under typical  thermal analysis  conditions. 

Components B, C ,  and D together  make up the  main pyrolysis  event in Figure lb .  
Component B appears  a t  a somewhat lower temperature than components C and D. 
near symmetrical shape of the in tens i ty  p r o f i l e s  of components B and C ind ica tes  a 
depolymerization (such as  found in thermoplast ic  mater ia ls)  degradation behavior 
leading t o  rap id ,  complete pyrolysis  without major charr ing tendencies. Component 
D, however, behaves more l i k e  a crossl inking substance (such a s  found in  thermo- 
p l a s t i c  mater ia l s )  with a wider temperature p r o f i l e  and a slow, high temperature 
t a i l  ind ica t ing  incomplete pyrolysis ,  presumably accompanied by char formation. 

Which s t r u c t u r a l  moiet ies ,  i f  any, a r e  represented by components B, C and D? 
Ident i f ica t ion  of component 0 is r e l a t i v e l y  s t ra ightforward.  As shown i n  Figure 
3d, this component i s  dominated by a s t rong s e r i e s  of alkyl subs t i tu ted  phenols and 
resembles the  PY-MS pa t te rns  of  pure v i t r i n i t e s  (13) and f o s s i l  wood, (14) samples. 
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Other major 

This matches w i t h  the  r e s u l t s  from t h i s  laboratory 

The 

1 



I 

Highly similar patterns have been observed in numerically extracted component 
spectra of various coal data sets obtained by Py-MS (15). Consequently, component 
D appears to represent the abundant vitrinite macerals present in the Pittsburgh #8 
coal sample. 

Component B is the early component in the "depolymerization" region (see later) and 
is characterized by branched or alicyclic hydrocarbons. 
characterized by a prominent ion series at m/z 60, 74, 88, 102, etc. (most 
prominent i n  the corresponding loading spectra, not shown here), as marked by stars 
in Figure 3b and thought to represent short chain fatty acids. Patterns similar to 
Figure 3b can be observed in Messel shale (16) as well as i n  sporinite concentrates 
(13) and may represent liptinitic structural moieties present in several different 
coal maceral s. 

The numerically extracted spectrum of component C (Figure 3c) reveals an entirely 
different chemical structure consisting nearly exclusively of aliphatic hydrocarbon 
moieties. On the basis of previously reported Py-MS studies of model compounds and 
maceral concentrates (13), this component is believed to consist primarily of 
straight chain a1 kanes, a1 kenes and alkadienes. Under the low voltage electron 
ionization conditions used in this experiment, short chain alkanes (<C15) produce 
mainly the alkene and alkadiene molecular ion series as well as various fragment 
ion series, which are visible in Figure 3c. Mixtures of straight chain aliphatic 
hydrocarbons such as seen in Figure 3c are typical of the pyrolyzates of 
polyethylene-like structures such as found under vacuum micropyrolysis conditions 
in liptinitic macerals derived from fossil plant cuticles (17) and or algal 
materials (16). 

It should be mentioned, however, that by selecting a limited mass range (m/z 
50-200) many important small molecules (e.g., CH4, NH3, H20, HCN, CO, CH20, 
CHsOH, HzS, HC1, CO2 and various Cz compounds) are ignored in addition to 
many large organic molecules. 
process, as well as making it hard to compare our data with the data of other 
workers on the kinetics of evolution of small molecules (18, 19). 

In spite of these limitations, the data obtained on the kinetic parameters seem to 
match very well with our understanding of the events marked by the two distinct 
humps in Figure lb. 
expect for the thermophysical kinetics related to 
phase. 
calculated using the distributed activation energy model, is expected for thermo- 
chemical kinetics for breaking of ethylene bridges between aromatic rings and 
agrees well with reported values for this step (2). 

The observation o f  three different types of thermal behavior, as judged from the 
shape of the deconvoluted components, namely "desorption" (vacuum distillable 
component A), , "depolymerization" (thermoplastic components B and C), and "thermal 
degradation (thermosetting component D )  points to the need for a kinetic model 
with at least three different reaction order terms. The desorption process is 
likely to have a reaction order between 0 and 1. 
formation) terms, on the contrary, would be expected to exhibit reaction orders 
substantially greater than 1. Only the two thermoplastic components (B and C) 
should follow first order unimolecular decomposition pathways under our vacuum 
micropyrolysis conditions. 
model based on these TR Py-MS observations. 
applied to the "pure" maceral constituents of coal. 
each macyal type are well established, a useful devolatilization model for the 
"mixture 
techniques enable deconvol ution o f  chemical components, thereby a1 1 owing more 
insight into the chemistry of coal devolatilization. 

This component is also 

This limits the characterization of the char forming 

The activation energy of 10 Kzal mol-1 is reasonable to 
desorption" of the mobile 

The latter value of 62 Kcal mol-1, which also matches with the value 

The thermosetting (char 

We are working on the development of a devolatilization 
In principle, this methodology can be 

Once the kinetic models for 

In conclusion, computer-assisted TR Py-MS coal might be within reach. 
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TABLE I 1  
KINETIC PARAMETERS CALCULATED FROM TIME-RESOLVED PY-MS DATA 

Energy o f  Ac t i va t i on ,  
Kcal m o l - l  

~ 

Thermal Ex t rac t i on  Bulk Py ro l ys i s  
Step Step 

10 62 ( 60 )* 

Frequency Factor, s - l  

Figure 1. (a )  Temperature-time 
p r o f i l e  o f  blank Cur ie-point  
py ro l ys i s  f i l amen t  (T,=6100C); 
(b) t o t a l  i o n  count p r o f i l e  o f  
P i t tsburgh #8 coal sample; (c)  
deconvoluted components (A, 8, C, 
0). 

105 1012(1013**) 

I 
O d 4 6  6 

TIME, s 

4 1  

0 L 4 6 Q  
TIME, s 
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Figure 2. Time-integrated spectrum obtained by summing all 41 spectra recorded 
during time-resolved pyrolysis MS run. 
cular ions characteristic of rank (hvAB) a s  well as o f  depositional environment and 
weathering status. 

Note dominant series of homologous mole- 

Compare with deconvoluted spectra in Figure 3. 
1.0- 

0.5- 
CnH2n+1’ 

.... L... 
’ ’ ;  .,I; 

.,,,_, 
01 

Figure 3. Numerically extracted (“deconvoluted”) spectra of the four components 
shown in Figure 1. 
the four components is 99% of the total variance in all 41 spectra). 

Note differences in % variance represented (summed variance o f  
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EPR STUDY OF THE CATALYTIC EFFECTS OF 
MINERALS ON FREE RADICAL FQRMATION DURING COAL PYROLYSIS 

M.S. Ali and W.R.M. G r a h a m  

Department of Physics, Texas Christian University 
Fort Worth, Texas 76129 

A systematic i n  s i t u  study of free radicals in Pittsburgh No. 8, acid treated 
coal (ATC) as a function of temperature and residence time has been carried 
out using the electron paramagnetic resonance (EFR) technique at temperatures 
up to 900 K. The catalytic effects of pyrite, pyrrhotite, calcite, and clays 
on free radical formation during pyrolysis have been examined. 

L 

Various investigators have reported that the inherent mineral matter in 
coal may have a positive effect during conversion processes (1-3). m i t e  and 
pyrrhotite are of particular interest since pyrite, which is the major iron- 
sulfur compound in coal, is known to affect various stages in coal processing, 
and pyrrhotite, which is formed from pyrites under liquefdtion conditions, 
has been found in one study ( 4 )  to influence conversion efficiency, although 
other work is in disagreement with this conclusion (5). 

pyrolysis is believed to be an important step in liquefaction, the EF'R tech- 
nique has been used to advantage in studies on pyrolyzed and heat-treated 
coals (6,7). 
studies on the effects of pyrite and pyrrhotite on free radical formation in 
two West Virginia coals which were heated to -900 K. 
m increase in the number of free radicals occurred at -800 K for coal 
samples containing 8% added pyrite, with a somewhat smaller increase for 
pyrrhotite, they concluded that both the conversion of pyrite to pyrrhotite 
and pyrrhotite itself contributed to the enhancement in the number of free 
radicals. An overall increase in the number of free radicals which was 
smaller on heating in HZ than in vacuum, was interpreted as indicating that 
free radicals were stabilized by hydrogen. 

of pyrite and pyrrhotite on free radical formation, is that the EPR measure- 
ments were carried out on coal samples which had been sealed in evacuated or 
gas-filled sample tubes, heated in a furnace, and then cooled.. %is procedure 
may preclude the observation of information on transient effects, which ~y be 
lost on cooling down the sample before EFR measurements are taken. A signifi- 
cant objective of the present work therefore, was to examine mineral effects 
on radical formation i n  s i t u  during pyrolysis at temperatures up to 900 K. A 
step in this direction was recently reported by Seehra and coworkers (10) who 
carried out i n  s i t u  measurements on samples of raw coal, and were able to de- 

Since the formation of free radicals by the rupture of coal bonds during 

Recently Srinivasan and Seehra (8,9) have reported results of 

Observing that the maxi- 

An important point to note about the studies so far (8,9) on the effects 
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tect several distinct stages in pyrolysis based on the variation in spin con- 
centration as the temperature increased during pyrolysis. 

The coal samples used in this work were derived from a g r d  sample 
(C19825 in reference 14) from the Pittsburgh No. 8 seam, a high volatile bitu- 
minous coal, which has been the subject of several previous EFR investigations 
in this laboratory (11-13) and has been otherwise extensively characterized 
(14). Mineral samples used include pyrite from Custer, South Dakota, pyrrho- 
tite from Falconbridge, Cntario, and calcite. 
crystallized kaolinite (KGa-I), illite (M-l), and montmorillonite ( S a - 2 )  
were obtained from the Clay Minerals Society. 

Small samples for EPR studies were prepared by thoroughly grinding 
mineral/coal mixtures so that the average particle size was much smaller than 
the microwave skin depth (15). The coal and mineral were dispersed in KBr in 
the ratio 1:lOO (16), and then ground further in a ball grinder using plexi- 
glass vials and balls to avoid metal contamination. 
vacuum and usually used immediately following grinding; however, when neces- 
sary, they were stored for 24 h under nitrogen, with no observable deterior- 
ation in the EPR spectrum. 

The low temperature ash fraction (14.5%) from the Pittsburgh No. 8 coal 
has been analyzed to contain 16% pyrite, 25% calcite, 8% quartz, with the re- 
maining 54% composed of kaolinite, illite, expandable clays, and other miner- 
als. For experiments designed to study the evolution of free radicals in the 
absence of the inherent mineral matter, acid treated samples were used. These 
were prepared by boiling raw coal with 5M €IC1 for 30 minutes, thoroughly wash- 
ing with acetone and ethanol, and then drying at 375 K for 8 h. Subsequent 
preparation pmceeded as already described for raw coal. 

Prior to carrying out the EPR measurements, each coal sample was placed 
in a 4 mn 0.d. quartz sample tube which was evacuated #ro* a side arm. 
sample tube WBS inserted into a double-walled quartz dewar inside the micro- 
wave cavity. Nitrogen gas heated by passage over a series of two ch-1- 
alumel heater elements flowed through the dewar. suitable adjustment of 
the gas temperature 4 flow rate, the sample temperature, as measured by a 
chromel-alumel thermocouple, could be raised to 900 K with a stability of 
fl K. The Varian "ELo2 d e  cavity was maintained at room temperature by 
means of refrigerated water circulating inside a jacket hich surroded,  and 
was in good thermal contact w i t h  the cavity. The signal intensity from a 
sample of DPPH fixed to the cavity wall was unchanged by heating the sample 
inside the dewar, confirming that the sensitivity of the cavity was not 
affected. 

equipped with 100 lrHz field modulation. 
iments has already been described; 
following demineralization were done using a Varian variable temperature 

Standard clay samples of well 

Samples were placed in 

The 

EPR measurements were made at -9 0 l z  using a Varian V-4500 spectmmeter 
The arrangement for pymlysis exper- 

low temperature experiments on the acid 

1 
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accessory. 
and a Hewlett-Wkard frequency counter. 
IBM XT computer which is used for data acquisition, calibration, storage, and 
analysis. 

Field measurements were made using a Harvey-Wells NMR gaussmeter 
The spectrometer is interfaced to an 

RESULTS AND DISCUSSION 

I Figure 1 shows plots of the absolute temperature (T) versus the product 
I 

I 
I 

of the temperature and the intensity of the EPR absorption obtained by numeri- 
cal double integration of the observed line profile (IT). The results illus- 
trated are for a sample of raw Pittsburgh No. 8 coal and for two other sam- 
ples, coal + 8% pyrite and coal t 8% pyrrhotite, heated for 20 minutes at -40 
K intervals. In the case of raw coal there is no significant change in free 
radical concentration until -600 K ,  after which it rises, but at a slower rate 
than the curves for the samples with mineral added. Both of the latter sam- 
ples show evidence of an intermediate step in which a small increase in con- 
centration is followed by a decrease, before the onset of the steep rise at 
-600 K .  The preliminary step is similar to that observed by Seehra et al. 
(10) for i n  s i t u  measurements on three raw coals, but was not observed in 
their earlier study (8 ,9)  on the effects of the addition of pyrite and 
pyrrhotite in which measurements were made after heating outside the cavity. 
The number of free radicals increases faster for added pyrrhotite than for 
pyrite until it reaches a peak at 800 K and then drops rapidly thereafter. 
The pyrolysis of the raw coal and coal t 8% pyrite continues to 'yield addi- 
tional free radicals up to the cutoff in the data at 900 K. This continued 
enhancement of the free radical yield in coal + 8% pyrite samples contrasts 
with the earlier observations for samples pyrolyzed outside the cavity and 
recorded cold (8 ,9 ) ,  where all three samples showed a decline in free radical 
concentration back to prepymlysis levels, and suggests the importance of i n  
s i t u  observations in monitoring the dynamic process. The observation that at 
temperatures up to 800 K the coal t 8% pyrrhotite sample shows higher concen- 
trations of free radicals than pyrite, which then continues to enhance free 
radical formation as the yield from pyrrhotite declines, suggests that the 
catalytic activity of the pyrrhotite has been depleted, while in the coal t 8% 
pyrite sample the pyrite continues to convert to pyrrhotite which then en- 
hances the free radical yield. This tends to support the view that the con- 
version to pyrrhotite as well as the mineral itself are positive influences. 

matter on radical yield. In an attempt to investigate this possibility sam- 
ples of acid treated coal were studied. 
spectm of the raw coal at room temperature (296 K )  and after heating at 814 
K, respectively. The room temperature spectrum show evidence of Fe3+ at g 4 

4.4 which is probably contained in clays, and a broad weak signal underlying 
the free radical signal at g 9 2.0, which may be from metallic iron. Pyrite, 
with Fez+, has no EF'R spectrum; however, after heating, conversion of pyrite 
to pyrrhotite has occurred, and a strong ferromagnetic resonance signal is 

I 

A significant question is the possible influence.of the inherent mineral 

Figs. 2(a) and (b) show the EPR 
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1 

observed at center field. 
temperatwe shows that the Fe3+-bearing mineral has been removed, and Fig. 2 
(d) recorded at 869 K shows no evidence of converted pyrrhotite. 
when 8% pyrite is added to A X - 1 ,  heating to 8 7 1  K again reveals the presence 
of pyrrhotite as shown in Fig. 2 (e). The spectnnn shown in Fig. 2 (f) of a 
glass of the HC1 which was used in the demineralization, shows evidence of the 
iron extracted from the coal. 

treated coal (ATC-1 and ATC-2) which were heated in s i t u  for -85 min at -40 K 
intervals, compared to the curve for the same ground sample of raw coal before 
acid treatment which was heated for -20 min at each interval. The consistent- 
ly higher concentration of free radicals generated in the pyrolysis of the raw 
coal compared to the ATC supports the contention that the inherent mineral 
component contributes to the radical yield. 

Prior to examining the influence on free radical yield of adding specific 
minerals to the A X ,  a series of experiments was carried out to determine the 
effect of residence time. Figs. 4(a) - (e) show the time evolution of radical 
concentration for ATC with added pyrite, pyrrhotite, calcite, clays (4% kao- 
linite, 2% illite, 2% montmorillonite), and a mixture of calcite and pyrite. 
In each case the results were obained by pre-heating the dewar in the cavity 
to -830 K, inserting the sample tube, and beginning to record observations 
after 5 minutes residence. It is seen that the maximum in free radical con- 
centration occurs for widely different residence times for the various coal/ 
mineral combinations. 
pyrrhotite reaches a maximum after only 10 min, while at least 50 min are re- 
quired for ATC-1 + 8% pyrite. This again points to the importance of conver- 
ed pyrrhotite. 
even more effective. Radical concentration increases rapidly in the first 5 
minutes, and after 30 minutes has reached a maximum. By contrast, the addi- 
tion of clays, pyrite, or calcite separately, appears to produce no dramatic 
increases. 

Plots of the the relative concentration of free radicals as a function of 
temperature for ATC and ATC with the five minerals mentioned earlier are shorn 
in Fig. 5. 
is generally best for a mixture of calcite and pyrite. 
hances free radical yield, but only up to -800 K. m i t e  appears to be much 
less effective then added to the A X  than it was when added to the raw coal. 
Pittsburgh No. 8 coal does, of course, contain calcite, and these results at 
least raise that this inherent calcite and the pyrite together play a role in 
the observed increase in free radical concentration shown in Fig. 1. 

The spectrum shown in Fig. 2(c) of ATC-1 at man 

Finally, 

Figure 3 shows the IT versus T curves obtained for two samples of acid 

In particular, the radical concentration for ATC-1 + 8% 

A mixture of 4% calcite + 4% pyrite added to ATC appears to be 

A t  temperatures up to -825 K the number of free radicals produced 
Pyrrhotite also en- 

coNcLus1oNs 

Several conclusions may be drawn from the results reported here. 
increase in radical concentration observed on the addition of pyrrhotite to 
ATC in contrast to the relative ineffectiveness of pyrite supports the view 

The 

220 



-5- 

that the conversion of pyrite to pyrrhotite and pyrrhotite itself are respon- 
sible, 
radical yield. In studies on the pyrolysis of Pittsburgh No. 8 coal in helium 
and hydrogen at temperatures up to 1300 K Franklin et al. (17,18) found strong 
effects by calcium minerals. In particular, they concluded that CaCO, and its 
decomposition product during pyrolysis Cao, are especially active in cracking 
oxygen functional groups and aromatics. We note however, that the free radi- 
cal yield shows substantial enhancement only when in the presence of pyrite. 

Of interest, is the apparent positive influence of calcite on free 

Am- 
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COPPER CATALYZED LOW-TEMPERATURE PYROLYSIS A S  A MEANS FOR 
UPGRADING LOW-RANK S O L I D  FUELS 

S. Stournas, M. Papachristos and G .  B. Kyriakopoulos 

Chemical Engineering Department. National Technical University 
42 Patission Street, 106 82 Athens, Greece 

ABSTRACT 

Low-rank solid fuels (lignite and peat) are characterized by a 
high oxygen content on a DAF basis, a large proportion of which 
belongs to carboxyl and hydroxyl groups. These groups being 
thermally labile, the oxygen content of low-rank coals can be 
substantially decreased (and their heat content per unit mass 
correspondingly increased) by subjecting them to simple pyrolytic 
treatment. 

It has been found that the behavior of certain types of lignite 
and peat is similar to that of simple carboxylic acids, in that the 
thermal decarboxylation process can be catalyzed by specific metal 
ions. Thus when lignite and peat, in the presence of small amounts 
of copper, are pyrolyzed at low temperatures (160"-200' C), they 
readily undergo decarboxylation and dehydration and their higher 
heating values on a DAF basis show increases of the order of 30%. 
When uncatalyzed, these same reactions require temperatures in 
excess of 300' C. 

INTRODUCTION 

Among the known fossil fuel reserves those of the low-rank 
coals (i.e. lignite and peat) remain underutilized. despite their 
significant potential as a readily recoverable energy resource. The 
main problem associated with these solid fuels is their low heat 
content per unit mass. which in turn is due to the high moisture and 
ash content but also to the relatively low heating value of the DAF 
coal itself. 

It has been a well known fact for many yearsL that, on moving 
from high rank to low rank coals. the ratio of oxygen content to 
carbon content increases substantially: it is not unusual for a 
lignite coal to contain around 30% oxygen on a DAF basis, whereas 
peat approaches 40%. 

It is evident that the upgrading of lignite and peat to forms 
that come close to hard coal in properties and performance may 
i nvo lve : 

a. Moisture removal through the various drying processesz 
b. Ash removal through processes such as leachine and 

c. Oxygen removal from the DAF coal 
f lotation4 

The first two approaches deal with the separation of the fuel 
component (DAF coal) from extraneous materials (moisture and ash), 
whereas the third approach is concerned with the chemistry of the 
fuel component itself. 

The higher oxygen content of low-rank coals is coupled with 
marked differences in the relative contents of the various oxygen 
functionalities. This is particularly pronounced in the case of the 
carboxyl group. which is one of the main oxygen functionalities 
occurins in lignite and peat but is almost totally absent in coals 
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of bituminous and higher An efficient means of decarbo- 
xylation, therefore, could lead to a significant improvement of the 
overall properties, and particularly the heat content of lignite and 
peat. 

The decarboxylation of low-rank coals can be achieved by 
heating the coal at a high enough temperature. Thus, simple heating 
of lignite to about 330' C leads to decarboxylation and an increase 
of about 21% in the gross calorific value of the Similar 
results were obtained by heating low-grade solid fuels at about 
400' C either in the presence of base8 or in the presence of acid.- 
whereas processes involving even higher temperatures have also been 
reported. io- I 

It is apparent that, for thermal decarboxylation of low-rank 
coals to take place to any significant extent, temperatures in 
excess of 300' C are required. However, it has been known for a long 
time that copper will catalyze the decarboxylation of carboxylic 
acids.12-i3 and the mechanism of this reaction has been studied in 
detail.f4*1s The purpose of the present study was to assess the 
possibility of utilizing copper as a catalyst for the decarbo- 
xylation of lignite and peat at low temperatures, thus making the 
process energetically more efficient. 

EXPERIMENTAL 

Three types of coal were used in this study, Megalopolis 
lignite, Ptolemais' lignite, and Philippi peat; their characteristics 
are given in Table I. The experimental procedure was similar to that 
described in a preliminary report on the heat-treatment behavior of 
two of the above coals" and is summarized below. 

Samples of about 10 g of each coal (40 to 200 mesh) were 
\.slurried with 20 mL of a dilute aqueous solution of cupric sulfate: 
the copper content was equal to 1% or 3% of the DAF coal of the 
sample. An amount of sodium carbonate equivalent to the copper 
sulfate was dissolved in distilled water and was added to the 
previous slurry with stirring. The coal was then filtered off under 
mild suction and washed with distilled water. This method achieved 
an intimate mixture of the coal under study with copper in the form 
of cupric carbonate. The treated coal was then transferred to a 
porcelain crucible and placed in an oven at the desired temperature 
(140' - 400' C) for a period of 30 minutes. This length of time was 
found adequate for low temperature pyrolysis after a series of 
experiments with varying heating durations. For comparison purposes, 
blank samples of coal (i.e. containing no copper) were subjected to 
exactly the same procedure. except that the initial slurry was made 
with distilled water. 

RESULTS AND DISCUSSION 

The measured higher heating values of the various samples, 
before and after heat treatment, are shown in Tables 1 1 ,  1 1 1 ,  and 
IV. It can be seen that thermal treatment invariably increases the 
heat content of Megalopolis lignite and Phi lippi peat: the magnitude 
of the increase. however, depends both on the temperature of the 
treatment and on the presence of copper as the decarboxylation 
catalyst. This behavior can be more easily visualized if one refers 
to figures 1 and 2. which illustrate the increase in higher heating 
value as a function of temperature and copper content. 
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TABLE I 
COAL CHARACTERISTICS 

Megalopolis Philippi 
Lisnite Peat 

As Received Basis 
Moisture ( % I  
Volatile Matter (%1 
Fixed Carbon 
Ash (%I  
HHV (MJ/Kg) 

DAF Basis 
C %  
H %  
S %  
N %  
0 % (by difference) 
HHV (MJ/Kg) 

45 .0  
2 4 . 4  
12.5 
1 8 . 1  

9 . 0 2  

1 6 . 1  
4 5 . 8  
16 .7  
2 1 . 4  
12 .72  

60 .4  5 6 . 7  
5 . 9  5 . 5  
2 .9  1.1 
1 . 8  1 . 8  

29.0 34.9 
24.42 20.36 

Pto lemais 
Lignite 

5 6 . 3  
1 8 . 0  
1 2 . 1  
1 3 . 7  

7 . 0 5  

6 3 . 2  
5 . 2  
1.6 
1.6 

2 8 . 4  
2 3 . 4 3  

TABLE I 1  
CHANGE IN CALORIFIC VALUE (DAF BASIS) AS A FUNCTION OF TREATMENT 

TEMPERATURE AND COPPER CONTENT 
MEGALOPOLIS LIGNITE 

Treatment Temperature ('C) Higher Heating Value (MJ/Kg) 
1% cu 3% cu 

No Heat Treatment 24.42 24.25 24.28 
No Cu 

140  
160 
200 
250 
300 

24 .45  24 .64  24 .70  
26 .06  30.43 30.08 
2 6 . 7 4  3 0 . 9 8  3 1 . 2 4  
27 .67  31 .62  31 .82  
33 .34  3 4 . 0 7  33.16 

TABLE I 1 1  
CHANGE IN CALORIFIC VALUE (DAF BASIS) AS A FUNCTION OF TREATMENT 

TEMPERATURE AND COPPER CONTENT 
PHILIPPI PEAT 

Treatment Temperature ( 'C) Higher Heating Value (MJ/Kg) 
No cu 1% cu 3% cu 

No Heat Treatment 20.36 20.25 2 0 . 3 8  
140 
160  
200 
250 
300 

2 0 . 3 8  20.39 20.56 
20.44 20 .57  21 .83  
20.55 23.87 2 5 . 6 3  
21 .38  24.36 26.12 
2 5 . 8 4  28 .05  28 .79  

In the case of Megalopolis lignite (Figure 1) it is evident 
that the presence of copper is of minor significance UP to about 
140'  C. the temperature being too low even for the catalyzed decar- 
boxylation to take place. Starting at around 160'  C. however. the 
catalytic effect of copper becomes significant and an increase of 
the order of 20% is observed in the higher heatins value of the 
heat-treated lignite. Increasing the concentration of copper from 1% 
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to 3% appears to have essentially no effect on its catalytic 
activity. When the heat-treatment temperature reaches 300'  C, the 
role of copper becomes much less significant, inasmuch as the rate 
of decarboxylation is suite fast even in the absence of catalyst. 

In the case of Philippi peat (Figure 2) the experimental 
results display a similar pattern, except that the onset of signi- 
ficant catalytic activity of the added copper does not occur until 
the heat-treatment temperature has reached about 200'  C. It is also 
worth noting that in this particular case the catalytic effect of 
copper is more pronounced at the hisher metal concentration (3%). 

TABLE IV 
CHANGE IN CALORIFIC VALUE (DAF BASIS) AS A FUNCTION OF TREATMENT 

TEMPERATURE AND COPPER CONTENT 
PTOLEMAIS LIGNITE 

Treatment Temperature ( 'C) 

No Heat Treatment 
160  
200 
25 0 
280 
300 
320  
340 
370 
400 

Higher Heating Value 
No Cu 1% cu 
2 3 . 5 1  23.22 
23 .56  23.90 
25.26 25.54 
25 .66  26.34 

26.35 27.34 
26.88 28.35 

29.66 29.27 

- - 

- - 
- - 

(MJ/Kg) 
3% cu 
23.43 
24 .06  
26.36 
26 .58  
25.64 
23.73 
22.95 
22.50 
22.59 
22.66 

As can be seen in Table IV and Figure 3. the behavior of 
Ptolemais lignite is quite different than that of the other two 
coals under the experimental conditions that were employed. In the 
presence of 1% copper. the increase in higher heating value of the 
pyrolysis residue is only slightly higher than the one occuring in 
the absence of catalyst. In the presence of 3% copper the results 
are even more remarkable, in that the higher heating value of the 
residue starts decreasing at around 250'  C and falls below that of 
the unheated sample at temperatures above 300' C. It thus appears 
that, in the case of Ptolemais lignite, the presence of copper can 
lead to the evolution of combustible gases in addition to carbon 
dioxide and water. The exact nature of this reaction is currently 
under investigation in our laboratory. 

Due to the loss of volatiles (mostly carbon dioxide and water), 
the mass of the fuel that is recovered after heat treatment is lower 
than the original one: this loss of mass increases with increasing 
temperature. The recovery of total heat content. however. is almost 
quantitative (over 98% in most cases) UP to a treatment temperature 
of 200' C. At higher temperatures the observed heat loss is more 
pronounced, due to evolution of combustible gases such as carbon 
monoxide. In the case of Ptolemais lignite the loss of both mass and 
heat content is much more significant in the presence of 3% copper. 
Figure 4 is an illustration of typical heat recovery patterns. i.e. 
the total heat content of the pyrolyzed coal as a percentage of the 
amount that was contained in the sample before thermal treatment. 

The Process described in this paper appears to offer the 
possibility of additional improvements in the quality of the treated 
coals, including: 
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a. Lowering of the ash content of the treated coals. probably 
due to the leaching of the water-soluble components during the 
slurrying operation. 

b. Lowering of the sulfur content. 
c. Decrease of the hydrophilicity of the coal, thus making it 

Potentially more amenable to ash-removing processes such as 
flotation and gravity separation. 

The magnitude and mode of occurence of the above effects are 
currently under study. 

CONCLUSIO@ 

In two of the three samples of low-rank coals that were studied 
in the course of this work. the addition of small amounts of copper 
appears to catalyze decarboxylation of the coals in a manner 
reminiscent of the copper catalyzed decarboxylation of carboxylic 
acids. As a result, low temperature (160'-250' C) heat treatment in 
these cases leads to an increase of about 25-30% in the higher 
heating value of the DAF coal. 

The third coal, Ptolemais lignite, offers a different picture. 
Decarboxylation in the presence of copper is more sluggish. and it 
appears that other reactions are also being catalyzed. leading to 
the evolution of combustible gases at comparatively low 
temperatures. 
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PYROLYSIS OF WILSOMILLE COAL LIQUEFACTION RESIDUES 

By W. A. Lee t  and D. C. Cronauer 
Amoco O i l  Company 

P. 0. Box 400 
Napervi l le ,  I l l i n o i s  60566 

Wilsonvi l le  c o a l  l i q u e f a c t i o n  r e s i d u e s  inc luding  vacuum tower bottoms (VTB), 
c r i t i c a l  s o l v e n t  deashing (CSD) product r e s i d s ,  and CSD ash concent ra tes  
were pyrolyzed v i a  isothermal  thermogravimetr ic  a n a l y s i s .  
g a s ,  l i q u i d ,  and coke were found t o  be i n s e n s i t i v e  t o  temperature  over t h e  
range of 800-1200°F. The y i e l d s  of p y r o l y s i s  products  generated from t h e  CSD 
r e s i d s  i n d i c a t e  t h a t  t h e  CSD r e s i d s  r e p r e s e n t  t h e  more thermally r e a c t i v e  and 
v o l a t i l e  p o r t i o n s  of t h e  VTB. The tendency of such r e s i d s  t o  form coke upon 
p y r o l y s i s  c o r r e l a t e s  wi th  phenol ic  hydroxyl  conten t .  Unusually low gas  p lus  
l i q u i d  y i e l d s  f o r  t h e  r e l a t i v e l y  hydrogen r i c h  a s h  c o n c e n t r a t e s  c o r r e l a t e s  
with high heteroatom and mineral  m a t t e r  c o n t e n t s .  Di f fe rences  observed i n  
p y r o l y s i s  y i e l d s  for samples from Wilsonvi l le  r u n s  made with and without  
recyc le  o f  unconverted c o a l  and mineral  mat te r  f u r t h e r  c h a r a c t e r i z e  t h e  r o l e  
of such r e c y c l e .  

Pyro lys i s  y i e l d s  of  

INTRODUCTION 

I n  t h e  development of c o a l  l i q u e f a c t i o n  processes ,  t h e  p y r o l y s i s  (notably 
delayed and f l u i d  coking)  of c o a l  l i q u e f a c t i o n  r e s i d u e s  ( r e s i d s )  has been 
incorpora ted  i n t o  l i q u e f a c t i o n  process  des ign  t o  supplement l i q u i d  y i e l d s .  
The fo l lowing  r e p o r t  p r e s e n t s  a n  update on t h e  v i a b i l i t y  of low tempera- 
t u r e  p y r o l y s i s  f o r  t h e  processing of c o a l  l i q u e f a c t i o n  r e s i d s .  S p e c i f i c a l l y ,  
t h e  r e p o r t  examines s h o r t  contac t  t i m e  p y r o l y s i s  y i e l d s  from var ious  l ique-  
f a c t i o n  r e s i d s  genera ted  a t  t h e  Advanced Two-Stage Coal Liquefact ion RBD 
F a c i l i t y  at Wilsonvi l le .  

EXPERIMENTAL 

Liquefac t ion  r e s i d  a p p l e s  were obtained from t h e  c o a l  l i q u e f a c t i o n  f a c i l i t y  
a t  Wi lsonvi l le ,  AL. The Wilsonvi l le  p i l o t  p l a n t  was opera t ing  i n  a two- 
s t a g e  mode w i t h  d i r e c t  coupl ing of t h e  thermal  l i q u e f a c t i o n  and c a t a l y t i c  
( h y d r o t r e a t e r )  r e a c t o r s  a s  shown i n  t h e  schematic ,  F igure  1. Af te r  f l a s h i n g  
and vapor recovery,  t h e  r e s i d u a l  vacuum bottoms (VTB) c u t  w a s  fed  t o  a c r i t i -  
c a l  s o l v e n t  deashing (CSD) u n i t  ( c u r r e n t l y  des igna ted  t h e  ROSE-SR process  by 
Kerr McGee Corp.) t o  r e j e c t  an ash  c o n c e n t r a t e  and recover  an ash  f ree- res id .  
The VTB product ,  CSD r e s i d ,  and CSD a s h  c o n c e n t r a t e  from t h r e e  Runs were 
s tud ied .  I n  Run 250D, t h e  l i q u e f a c t i o n  feed s o l v e n t  c o n s i s t e d  of r e c y c l e  
d i s t i l l a t e s  p l u s  CSD r e s i d .  I n  Runs 250H and 251E, t h e  recyc le  of VTB r e s i d ,  
inc luding  unconverted coal and mineral  m a t t e r ,  was added t o  t h e  feed so lvent .  
In  Run 251E. c a t a l y s t  was a l s o  loaded i n t o  t h e  thermal  l i q u e f a c t i o n  r e a c t o r .  
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A l l  t h r e e  runs were made wi th  I l l i n o i s  No. 6 c o a l  a t  e s s e n t i a l l y  t h e  same 
r e a c t i o n  condi t ions.  The r e l e v a n t  c h a r a c t e r i z a t i o n  d a t a  a r e  presented  i n  
Table I f o r  t h e  runs of i n t e r e s t .  

Thermogravimetric (TGA) w a s  used to  screen  p y r o l y s i s  coke, l i q u i d ,  and gas  
y i e l d s  a s  a func t ion  of temperature .  
atmosphere a t  a preprogrammed h e a t i n g  r a t e  of  5-50°C/min., an i so thermal  
TGA procedure was developed t o  mimic t h e  more rap id  hea t ing  r a t e s  charac-  
t e r i s t i c s  of s h o r t  contac t  t i m e  p y r o l y s i s  processes .  Provis ion  was made t o  
c o l l e c t  and weigh t h e  l i q u i d s  a s  w e l l  a s  recovered "coke" ( r e s i d u a l  m i n e r a l  
m a t t e r ,  unconverted c o a l ,  and coke) .  Gas y i e l d s  were c a l c u l a t e d  by d i f f e r -  
ence. Although r e p r e s e n t a t i v e  process  v a r i a b l e  e f f e c t s  and product q u a l i t y  
d a t a  could not  be obtained due t o  t h e  small sample s i z e s  involved,  such 
screening provided a r e l a t i v e  measure of p y r o l y s i s  y i e l d s  among samples as 
a func t ion  of temperature. 

T r a d i t i o n a l l y  operated under a n  i n e r t  

RESULTS 

Prel iminary screening  of t h e  coke y i e l d  of t h e  Wilsonvi l le  samples w a s  
c a r r i e d  out  by s tandard  and i so thermal  TGA runs.  I n i t i a l  sc reening  of 
Run 250H VTB ind ica ted  t h a t  coke y i e l d s  were i n s e n s i t i v e  t o  h e a t i n g  r a t e ,  
s a m p l e  s i z e ,  and purge n i t r o g e n  flow r a t e .  Pyro lys i s  y i e l d s  f o r  Run 250D 
and Run 250H VTB products  a r e  p l o t t e d  i n  F igure  2 as a f u n c t i o n  of p y r o l y s i s  
temperature. The i n s e n s i t i v i t y  of t h e  y i e l d s  t o  pyro lys i s  temperature  over  
t h e  range (800-1200°F) i n v e s t i g a t e d  sugges ts  t h a t  t h e  VTB c u t s  a r e  h ighly  
aromatic and not  r e a d i l y  thermally cracked under p y r o l y s i s  condi t ions .  Such 
high aromat ic i ty  i s  due t o  t h e  condensed s t r u c t u r e  of the  o r i g i n a l  c o a l  
feedstock and t h e  l i q u e f a c t i o n  and concomitant r e t r o g r e s s i v e  r e a c t i o n s  t o  
which i t  i s  subjec ted  i n  t h e  l i q u e f a c t i o n  process .  The decrease  i n  l i q u i d  
y i e l d s  with VTB recyc le ,  which is seen  i n  comparing products  of Run 250D w i t h  
those  of Run 250H and 251E, i s  a t t r i b u t e d  t o  a d d i t i o n a l  s o l u b i l i z a t i o n  and 
r e a c t i o n  of recycled VTB organic  mat te r  i n  t h e  l i q u e f a c t i o n  r e a c t o r s .  This  
leads  t o  t h e  formation of more h ighly  condensed r e s i d s .  

For t h e  key Wilsonvi l le  runs  on bituminous coa l .  average p y r o l y s i s  l i q u i d  
y i e l d s  a r e  p l o t t e d  versus  feed  H / C  r a t i o  i n  Figure 3. The l i q u i d  y i e l d s ,  
d e s p i t e  diminished vapor phase cracking of t h e  v o l a t i l e s  evolved i n  t h e  TGA 
experiments, a r e  comparable t o  average Exxon s imulated f l u  king y i e l d s  
f o r  samples of r e s i d s  from t h e  H-Coal and SRC-I processes .  "-" Such r e s u l t s  
support  a phys ica l  p i c t u r e  i n  which f l u i d  coking of Wi lsonvi l le  r e s i d s  l e a d  
pr imar i ly  t o  v a p o r i z a t i o n  of remaining v o l a t i l e s  w i t h  l i t t l e  concomitant 
l i q u i d s  upgrading. Liquid y i e l d s  obtained from pyro lys is  of t h e  CSD r e s i d s  
represent  t h e  more v o l a t i l e  f r a c t i o n s  of t h e  thermally r e a c t i v e  p o r t i o n  of 
t h e  CSD feeds.  MoKeOVeK. cons ider ing  t h e  high H/C r a t i o ,  t h e  CSD a s h  con- 
c e n t r a t e s  y i e l d  unusual ly  low q u a n t i t i e s  of l i q u i d  product upon p y r o l y s i s .  
The organic  mat ter  r e j e c t e d  i n  t h e  ash  concent ra te  r e p r e s e n t s  h ighly  condens- 
ed and n o n v o l a t i l e  aromatic  s t r u c t u r e s  which a r e  heteroatom r i c h  and e x h i b i t  
s t r o n g  i n t e r a c t i o n s  (adsorpt ion and/or  chemical bonding) w i t h  t h e  a s h  minera l  
matr ix .  

To examine t h e  coking tendencies  of t h e  Wilsonvi l le  Streams, s e l e c t e d  CSD 
feed and product  r e s i d s  were f r a c t i o n a t e d  by s e q u e n t i a l  Soxhlet  e x t r a c t i o n  
with n-pentane. toluene,  and te t rahydrofuran  (THF) t o  o i l  (pentane s o l u b l e ) ,  
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asphal tene  (pentane  i n s o l u b l e ,  toluene s o l u b l e ) .  p reasphal tene  ( toluene 
inso luble ,  THF s o l u b l e ) ,  and lumped ash/unconverted coal /coke (THF-insoluble) 
f r a c t i o n s .  Although a r b i t r a r y  i n  measure, such a f r a c t i o n a t i o n  scheme permi ts  
a f i n e r  r e s o l u t i o n  of t h e  chemistry involved i n  terms t r a d i t i o n a l l y  appl ied  t o  
coal-derived products .  The f r a c t i o n s  i n  t u r n  were pyrolyzed a t  1100°F t o  
examine t h e  p r o p e n s i t y  of each t o  form coke. The r e s u l t s  are summarized i n  
Table I1 f o r  VTB and CSD r e s i d s .  

Comparison of  t h e  r e s u l t s  of Table I1 shows t h a t  a l l  t h r e e  VTB c u t s  a r e  
s i m i l a r  i n  c h a r a c t e r .  Coke y i e l d s  from CSD feed o i l s ,  asphal tenes ,  pre- 
asphal tenes ,  and THF-insoluble r e s i d u e s  average about 4 ,  47, 67, and 89 w t % ,  
respec t ive ly ,  seemingly independent of  t h e  a c t u a l  feed  c o n t e n t s  of each 
f r a c t i o n .  Given Soxhle t  e x t r a c t i o n  d a t a  of a Wilsonvi l le  CSD feed,  l i n e a r  
weighting of t h e  above r a t i o s  by concent ra t ion  r e s u l t s  i n  a p r e d i c t i o n  of 
a c t u a l  coke make a c c u r a t e  t o  2 3%. Devia t ions  from t h e  c i t e d  averages and 
r e s u l t a n t  y i e l d  p r e d i c t i o n s  co inc ide  wi th  s h i f t s  i n  phenol ic  hydroxyl a c t i v -  
i t y  measured by FTIR. Decreasing coke make i n  the  p y r o l y s i s  of 250D. 250H, 
and 251E VTB o r g a n i c  f r a c t i o n s  ( o i l s .  asphal tenes .  and preasphal tenes)  
p a r a l l e l s  decreas ing  phenol ics  conten t  of t h e  whole r e s i d  (Figure 4 ) .  Quick 
c a l c u l a t i o n s  show t h a t  t h i s  s imple r a t i o  approach a l s o  p r e d i c t s  w e l l  the coke 
make of t h e  CSD ash  c o n c e n t r a t e s ,  underpredic t ing  coke y i e l d  by only 1%. A s  
with t h e  VTB c u t s ,  the d e v i a t i o n s  can  be c o r r e l a t e d  wi th  phenol ic  hydroxyl 
content  v i a  FTIR. 

Attempts t o  c o r r e l a t e  the  CSD product  r e s i d  f r a c t i o n s  of Table  I1 proved l e s s  
successfu l .  The m a t e r i a l  which i s  recovered as product  r e s i d  r e p r e s e n t s  t h e  
more v o l a t i l e  and thermally r e a c t i v e  components of t h e  VTB c u t s .  
na ture  of such m a t e r i a l  v a r i e s  with l i q u e f a c t i o n  s e v e r i t y  and subsequent CSD 
u n i t  opera t ion ,  t h e  tendency of the  v a r i o u s  CSD r e s i d  f r a c t i o n s  ( o i l s ,  
asphal tenes ,  etc.) to  form coke appears  t o  vary  g r e a t l y  with c o a l  feeds tock  
and process  c o n f i g u r a t i o n .  The CSD r e s i d  o i l  f r a c t i o n  makes up the bulk of 
t h e  VTB o i l  f r a c t i o n  recovered by e x t r a c t i o n  and s o l i d i f i c a t i o n .  
r e s i d  asphal tene  and preasphal tene  f r a c t i o n s  form less coke than  t h e i r  VTB 
product c o u n t e r p a r t s ;  thus they appear t o  represent  t h e  more v o l a t i l e  f r a c -  
t i o n s  and cracked products  of t h e  parent  VTB r e s i d  f r a c t i o n s .  Among the  t h r e e  
CSD r e s i d s  s t u d i e d ,  l i k e  r e s u l t s  a r e  obtained for  coke y i e l d s  from t h e  Soxhlet  
f r a c t i o n s  f o r  Runs 250D and 251E. Again, t h e  increased  coke make of  Run 250H 
asphal tene  and preasphal tene  f r a c t i o n s  r e l a t i v e  t o  t h e  corresponding f r a c t i o n s  
of 250D and 251E CSD r e s i d s  co inc ides  with an increase  i n  t h e  phenol ic  
hydroxyl conten t  of  t h e  whole r e s i d s .  

A s  t h e  

The CSD 

CONCLUSIONS 

Despi te  an i n c r e a s e  of  l i q u i d  y i e l d s  due t o  t h e  development of  two-stage 
l i q u e f a c t i o n  processes ,  Wi lsonvi l le  l i q u e f a c t i o n  r e s i d s  a r e  s i m i l a r  t o  those  
obtained from o l d e r  l i q u e f a c t i o n  processes  i n  t h a t  they  g ive  s i m i l a r  y i e l d s  
when subjec ted  t o  thermal  pyro lys i s .  
hence r e s i s t a n t  t o  thermal  c racking ,  lead ing  t o  a p y r o l y s i s  i n  which l i q u i d  
recovery is e f f e c t e d  by l i m i t e d  cracking and e x t e n s i v e  vapor iza t ion  of l i g h t e r  
o i l  ap$asphal tenic  f r a c t i o n s .  Heteroratom content  and r e t r o g r e s s i v e  reac- 
t i o n s  p a r t i a l l y  masked by poorly understood organic- inorganic  i n t e r a c t i o n s  
with t h e  minera l  m a t t e r  play a dominant r o l e  i n  determining t h e  n a t u r e  of t h e  
l i q u e f a c t i o n  r e s i d s .  

The r e s i d s  a r e  h ighly  aromatic  and 

236 



ACKNOWLEDGEMENT 

The analytical Support of R. W. Tumbula and the suggestions of B. A. Fleming 
are acknowledged. 

RECYCLE HYDROGEN 

REFERENCES 

1 

1. 

2. 

3 .  

4 .  

5 .  

FEEO 
COAL LlQUEFRCTlON ,, 

1 l i  REACTOR -& 
(FIRST STRGE) 

Lamb. C. W.. Nalithan R. V.. and Johnson T. W., "Process Development 

r PRODUCT 

DISTILLATION 2' HYOROTRERTER 

ISECONO STRGE) 
TRAIN 

~ _ _  - 
Studies of Two-Stage Liquefaction at Wilsonville," Am. Chem. SOC. Dic. 
Fuel Chem. Preprints, 31(4), 240, 1986. 

RECYCLE SOLVENT 

"Fluid Coking of Coal Liquefaction Residues," Interim Technical Progress 
Report for First Residue, DOE FE-2422-10, June, 1977. 

"Fluid Coking of Coal Liquefaction Residues," Interim Technical Progress 
Report for the Second and Third Residues, DOE FE-2422-21, October, 1978. 

"Fluid Coking of Coal Liquefaction Residues," Final Technical Progress 
Report for Fourth Residue," DOE FE-2422-28. January, 1979. 

Hoover, D. S., "Investigation of Deleterious Coking Mechanisms." Final 
Report, EPRI AP-4451, February, 1986. 

VACUUM TOWER 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
BOTTOMS RECYCLE (OPTIONRL) 

237 

BOTTOMS ICSD FEEO) 



Q 
I 

(L 

$4 

0 u. 

0 .r( 

u 
m 

V 

xu) 
V v 4  

w u )  m a  u.$4 

.. 

M X  
9 4  $40 

w $ 4  
> X  4 c L  

m 

e 
0 
IA N 

C 

a 
m 
d 
4 .A 

> 
0 
u) 
3 ..i 

3 
$4 

0 u. 

v1 
V 
4 

238 



r u 

> 
3J 

U 

a 
d 3 s  

c r4 

I I I I I I 
hl 63 - rn 

r\ W N Lo 
1D r\ 
+ 63 cs 

v) m 
vl N 

i I I 
N Lo .-. N 
Lo 0 c 

63 
a 
(D 

239 



m 
90'9'9 
oss9 

h 

2 

kj 
P 

240 



TABLE I1 

PYROLYSIS YIELDS OF WILSONVILLE RESID FRACTIONS AT 1100°F 

Wilsonville Extracted Feed Composition, Pyrolysis Coke Yield, 
Run No. Fraction Wt% Wt% Feed Sample 

I. VTB FRACTIONS 

250D Oils 46.4 
Asphaltenes 24.0 
Preasphaltenes 8.8 
Ash + Unconverted 20.8 
Coal + Coke 

250H Oils 29.3 
Asphaltenes 21.4 
Preasphaltenes 13.1 
Ash + Unconverted 36.2 
Coal + Coke 

251E 

250D 

250H 

251E 

Oils 33.2 
Asphaltenes 17.7 
Preasphaltenes 9.4 
Ash + Unconverted 39.7 
Coal + Coke 

11. CSD PRODUCT RESID FRACTIONS 

Oils 22.2 
Asphaltenes 49.7 
Preasphaltenes 27 .o 
Ash + Unconverted 1.2 
Coal + Coke 

Oils 39.8 
Asphaltenes 27.2 
Preasphaltenes 33.0 
Ash + Unconverted 0.0 
Coal + Coke 

Oils 39.8 
Asphaltenes 34.4 
Preasphaltenes 25.5 
Ash + Unconverted 0.3 
Coal + Coke 

7 
52 
74 
88 

4.5 
49 
68 
91 

1.9 
46 
58  
89 

8 
26 
40 
76 

4.5 ?: 0.7 
49 t 2.3 
58 2 3.5 -- 

3.7 
37 
51  
86 
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OXIDATIVE DIMERIZATION OF METHANE 
ZINC OXIDE 

OVER LITHIUM-PROMOTED 

H.S. Zhang, J.X. Wang, D.J. Driscoll and J.H. Lunsford 

Department of Chemistry 
Texas A&M University 

College Station, TX 77843 

INTRODUCTION 

The heterogeneously catalyzed oxidative dimerization of methane 
has received considerable attention in recent years. A variety Of 
materials have now been examined which include the main group oxides 
(1,2), the rare-earth oxides ( 3 , 4 )  and a number of doped transition 
(5) and main group metal oxides (6). Work in this laboratory has 
focused primarily on the latter materials, and in particular Li-doped 
MgO. (7,s). Over this material it is postulated that methane is 
activated via hydrogen atom abstraction by [Li+O-] centers which are 
present under reaction conditions on the surface of the catalyst. 
Subsequent steps in the mechanism involve the release of these 
radicals from the surface into the homogeneous gas phase where they 
then undergo coupling reactions to produce the selective C2 products. 

The formation of [Li+O-] centers has also been reported on Li- 
doped ZnO ( 9 , l O ) .  This material is considerded to be a non-basic 
semiconductor, whereas, MgO is considered to be a basic insulator. 
Li-doped ZnO was chosen for examination not only because of its 
ability to produce potentially active centers, but also to determine 
the effect of basicity on the catalytic properties. Recent work by 
Matsuura & d. (11) has shown that this material is indeed active for 
the oxidative dimerization of methane. In the present study, this 
material will be examined in further detail in an effort to identify 
the active site on the catalyst surface and to determine the overall 
mechanism €or final product formation. 

EXPERIMENTAL 

The catalysts were prepared by adding zinc oxide (ZnO) and 
lithium carbonate (Li2C0 ) to deionized water and evaporating the 
water, while stirring, u n h  only a thick paste remained. The paste 
was dried.in air at 140'C overnight. This material was then pressed, 
broken into small chips, loaded into the reactor and preconditioned at 
750'C for 4 h under a flow of oxygen before exposure to the reactant 
gases. The unpromoted ZnO catalyst was prepared and pretreated in the 
same manner, except for the addition of Li2C03. 

The catalytic studies were carried out in a conventional fused- 
quartz flow reactor operated at atmospheric pressure. Typical 
reactant feeds consisted of a 2:l methane:oxygen feed diluted with a 
helium carrier gas at a total flow of 50 ml/min. Reaction 
temperatures ranged from 600 to 770'C. Product analysis was 
accomplished by conventional GC techniques. Further details on this 
system can be found in previous papers by Lunsford and co-workers 
(3,7). 

The EPR spectra were obtained using a Varian E76S spectrometer at 
77 K. Quenching studies were carried out using the technique 
previously developed in this laboratory by Wang et al. (12). In this 
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work, the samples were quenched into liquid oxygen after exposure to 
180 torr of gaseous oxygen at 730'C for 1 h. 

RESULTS 

-q 
The method used to pretreat the catalyst was found to have a 

strong influence on the reaction stability. Samples preconditioned 
for 3 h at 650'C in air rapidly deactivated, regardless of the 
reaction temperature, methane/oxygen ratio or the sample purity. 
However, by increasing the pretreatment temperature to 750'C and 
employing a 50 ml/min oxygen flow a steady state could be rapidly 
attained. In this case, a steady state reaction was achieved after 
only 2.5 h and was maintained even after 130 h on stream. Therefore, 
to ensure that all results were obtained after steady state had been 
reached, samples were pretreated at 750'C for 4 h under an oxygen flow 
and measurements were not begun until after 12 h on line. 

In order to gain insight into the overall reaction mechanism the 
effects of temperature, Li-doping levels and reactant partial 
pressures on reactivity were examined in detail. The effect of 
temperature is considered first and the results are illustrated in 
Figure 1. Methane conversion continually increased with increasing 
temperature over the entire range examined. The C2 selectivity slowly 
increased to a maximum at a temperature of approximately 675'C while a 
reverse temperature dependence was observed f o r  the C1 selectivity. 
The increase in C2 selectivity with increasing activity is contrary to 
expected behavior; however, a similar trend was previously observed 
during the oxidative dimerization of methane over Li-doped MgO 
catalysts (7). The .activation energy determined for this reaction, 
over the temperature range of 550 to 700.12 was 51 kcal/mol. 

The effect of lithium doping was examined and a plot of methane 
conversion, C selectivity, c1 selectivity and C2 yield (which is 
defined as tze product of conversion and selectivity) lithium 
doping into ZnO is presented in Figure 2. Methane conversion reached 
a maximum over the pure oxide; however, selectivity to C2 products was 
extremely low. Addition of lithium resulted in a decrease of methane 
conversion, but the C2 selectivity rapidly increased and eventually 
leveled off at a doping level of approximately 1.0 w t %  Li. A 
corresponding decrease in the C1 was also observed. The major 
component in the C1 fraction was C02 ( > g o % )  while the C2 portion 
consisted of a mixture of ethane and ethylene at a constant ratio of 
C2H4/C$i6 =20.85. The surface areas of these used materials decrea ed 

over all of the lithium-doped samples. 
In one experiment a used catalyst was thoroughly washed to remove 

any residual Li2C0 from the surface. This material exhibited an 
activity for C2 fbrmation which was comparable to the original 
catalyst; however, the rate of C1 product formation increased 
considerably. 

The variation of reactivity with respect to oxygen partial 
Pressure is presented in Figure 3. This data was obtained over a 0.9 
w t %  Li/znO catalyst at 720'C; however, similar behavior was also 
observed at a reaction temperature of 660'C. As the oxygen partial 
Pressure was increased, methane conversion continued to increase. A t  
low oxygen partial pressures the formation of selective C2 products 

from 0.5 m /g over the pure oxide to a constant value of -0.1 m 3 /g 
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was favored whereas, as expected, high oxygen partial pressues tended 
to promote the production of non-selective CO and C 0 2 .  

1 

i * 
'I 

'1 

d 

Maximum C2 Yields 
In m d e r  to obtain the maximum C2 yields catalytic runs were 

carried out over 4 g of a 0 . 9  w t %  Li/ZnO catalyst at several different 
temperatures and these results, along with some typical conversion and 
selectivity data, are summarized in Table I. A maximum C2 yield Of 
15% was obtained at a temperature of 750'C. Higher yields apparently 
could be obtained at higher temperatures; however, at these 
temperatures the catalyst appeared to enter a molten phase. It is Of 
value to compare these yields with those previously obtained over the 
Li/MgO catalysts (7). At 720'C under similar reactant feed conditions 
a C yield of 18% was observed. The value of 11% obtained here at 
720'C is obviously lower, but still within the range of the more 
active methane conversion catalysts thus far reported. 

Table I. 

MAXIMUM C2 YIELD 

Temperature ( ' C) 6 5 0  7 0 0  7 2 0  7 5 0  

Selectivity (%)  co 4 4 . 0  3 9 . 6  4 2 . 4  4 3 . 7  

1 0 . 4  2 2 . 2  2 6 . 9  2 8 . 7  
C8 4 . 9  1 . 4  0.0 3 . 0  

4 0 . 7  3 6 . 8  3 0 . 7  2 4 . 6  
5 1 . 1  5 9 . 0  5 7 . 6  5 3 . 3  

C2H4 
C2H6 Total C2 , 

5 . 1  1 3 . 9  1 8 . 7  2 8 . 2  
1 1 . 7  2 5 . 3  3 5 . 2  5 5 . 5  a 4  

0 2  
Conversion (%) 

C2 Yield(%) 2 . 6  'a .  2 1 0 . 8  1 5 . 0  

Catalyst: 4 g  0 . 9  w t %  Li/ZnO; Flow rates: He = 4 2 . 5  ml/min, 
CH4 = 5 . 0  ml/min, O2 = 2 . 5  ml/min. 

EPR Studies 
Quenching of all of the doped materials from high temperature in 

the presence of oxygen resulted in the detection of [Li+O-] centers. 
No [Li'O-] signal, or 0- signal, was detected over pure ZnO. The 
variation of [Li+O-] concentration with respect to lithium doping is 
presented in Figure 2 along with the selectivty and conversion data 
obtained under steady state reaction conditions. 

DISCUSSION 

To simplify presentation of the mechanism it is best to divide 
the discussion into two sections: (1) methane activation and ( 2 )  
stable product formation. 

Methane Activatio 
The presenc? of [Li'O'] centers in the quenched samples once 

again suggests that this site is most likely responsible for the 
initial methane activation. Although the [Li+O-] concentration Curve 
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does not correlate well with the conversion curve in Figure 2, 
relatively good agreement is observed with the c2 yield curve, and 
there is even better agreement with the C2 selectivity curve. 
Furthermore, in the absence of these centers (i.e. over the pure 
oxide) the formation of both ethane and ethylene is negligible which 
provides additional support for the fact that [Li+O-] centers are 
required to promote selective c2 product formation. In accord with 
the earlier work over Li-doped MgO catalysts it is proposed that 
methane is activated via hydrogen atom abstraction by [ Li'0-1 Centers 
to produce the methyl radical (7). 

-n ct 0 t o  
The conversion and selectivity data presented in Figure 2 clearly 

show that selective C product formation is not favored on the pure 
oxide surface. In ad&tion, as C2 selectivity increased the surface 
area of the catalyst fell by a factor of approximately 5. This 
further suggests that the catalyst surface is not entirely responsible 
for the selective product formation. In agreement with the earlier 
Li/MgO work, it is once again proposed that ethane and ethylene are 
formed via coupling of the radicals in the gas phase and not on the 
surface (7). 

The formation of the non-selective products, CO and C02, is also 
briefly considered. As mentioned above, reaction on the catalyst 
surface appears to be a major source for these products. In addition, 
the data of Figure 1 indicates that the selectivity for these products 
increases at temperatures greater than approximately 7 0 0 ' C .  This is 
believed to be due to the further oxidation of the C products. This 
route apparently is only important at these eleva2ed temperatures. 
High oxygen partial pressures also tends to promote complete oxidation 
products (Figure 3), but it is not possible to determine whether this 
is promoted on the surface or in the gas phase from this data. 

Lithium carbonate on the surface appears to moderate the non- 
selective activity of the zinc oxide, but it has no effect on the 
selective oxidative dimerization reaction. When the carbonate was 
removed only the non-selective reactions were affected. Since zinc 
oxide itself is not a strongly basic oxide, one may conclude that 
basicity is not a prerequisite for the selective reaction. 

CONCLUSIONS 

The mechanism for the oxidative dimerization of methane over Li- 
doped ZnO is similar to that previously proposed for the same reaction 
over Li-doped MgO. .Surface-generated gas phase methyl radicals are 
produced from the interaction of methane with [Li+O'J centers. Gas ' 

phase coupling reactions provide the primary route for the formation 
of the Selective C2 products. Non-selective C1 product formation is 
most likely promoted on the pure oxide surface. A strongly basic 
oxide is not required for the selective oxidative dimerization of 
methane. 

ACKNOWLEDGMENTS 

This work was supported by the National Science Foundation under 
Grant No. CHE-8405191. 

24 5 



1. 
2. 

3. 

4. 

5. 

6 

7. 

8. 

9. 

10. 
11. 

12. 

REFERENCES 

Keller, G . E .  and Bhasin, M.M., J. Catal., z, 9 (1982). 
Sofranko, J.A., Leonard, J.J. and Jones, c.A., J. Catal., m, 
Lin, C.H., Campbell, K . D . ,  Wang, J.X. and Lunsford, J.H., J. 
Phys. Chem., a, 534 (1986). 
Otsuka, K . ,  Jinno, K.  and Morikawa, A. ,  J. Catal., m, 353 
(1986). 
Jones, C.A., Leonard, J.J. and Sofranko, J.A., J. Catal., m, 

302 (1987). 

311 (1987). 
Ali ??mesh, I.T. and Amenomiya, Y., J. Phys. Chem., 90, 4785 
(1986). 
I t o ,  T., Wang, J.X., Lin, C.H. and Lunsford, J.H., J. Am. Chem. 
SOC., m, 5062 (1985); I t O ,  T. and Lunsford, J.H.,NatUre 
(London), 314, ,721 (1985). 
Driscoll, D.J., Martir, W., Wang, J.X. and Lunsford, J.H., J. 
Am. Chem. SOC. ,  m, 58 (1985). 
Haber, J., Kosinski, K.  and Rusiecka, M., Discuss. Faraday 
SOC., 58, 151 (1974). 
Schirmer, O.F., J. Phys. Chem. Solids, a, 1407 (1968). 
Matsuura, I., Utsumi, Y., Nakai, M. and Doi, T., Chem. Lett., 
1981 (1986). 
Wang, J.X. and Lunsford, J.H., J. Phys. Chem., a, 5883 (1986). 

246 



I 

n 
M v 

n 
M 
v 

hl 
0 
TI c 
0 

P) 
v) 

- 

; 
C 
0 
0 

100 

80 

60 

40 

20 

0 

I 40 

I 10 
600 650 700 750 800 

Temperature ("C) 
Figure 1. Methane conversion and product selectivity as a function of temperature: 

0 methane conversion; 0 C, selectivity; 0 C2 selectivity. 
Catalyst: 0.9 wt% ti/ZnO. 

100 I t 

80 

60 

40 

20 

0 

1 .o 

0.5 

0.0 
0 3 6 

Li wt% 
9 

Figure 2. Methane conversion. product selectivity and C yield as  a function of U-doping 
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247 



100 

80 

60 

40 

20 

0 I - 
0 100 200 300 400 

Oxygen Partial Pressure 

Figure 3. Methane conversion and product selectivity os o function of oxygen partiol 
pressure: omethane conversion; 0 C selectivity: 0 C selectlvity. 
Catalyst: 0.9 wt!X U/ZnO; Temp: 726%. 2 

248 



CATALYTIC PARTIAL OXIDATION OF METHANE TO HIGHER HYDROCARBONS 

R.J. T y l e r  and C.A. Lukey 

CSIRO D i v i s i o n  of F o s s i l  F u e l s ,  PO Box 136, North Ryde, NSW 2113, A u s t r a l i a  

1. INTRODUCTION 

The d i r e c t  c o n v e r s i o n  o t  methane t o  h i g h e r  hydrocarbons  such  a s  e t h y l e n e  i s  
c u r r e n t l y  a v e r y  a c t i v e  r e s e a r c h  a r e a .  O l e f i n s  a r e  of p a r t i c u l a r  impor tance  as t h e y  
r e p r e s e n t  i n t e r m e d i a t e s  s u i t a b l e  f o r  o l i p o m e r i s a t i o n  t o  t r a n s p o r t  f u e l s .  J o n e s  e t  
a l .  ( I )  r e c e n t l y  reviewed t h e  p o t e n t i a l  f o r  methane c o n v e r s i o n  and d e s c r i b e d  r e s u l t s  
u s i n g  Mn-based redox t y p e  c a t a l y s t s  ' i n  bo th  c y c l i c a l  ( u s i n g  a i r  and methane 
a l t e r n a t e l y )  and c o n t i n u o u s  r e a c t o r s .  Bytyn and Baerns ( 2 )  r e p o r t e d  t h e  a c t i v i t y  of 
PbO-based c a t a l y s t s  and concluded  t h a t  t h e  a c i d i t y  of t h e  s u r f a c e  i n f l u e n c e s  t h e  
r e a c t i o n  pathway, w i t h  h i g h  a c i d i t y  r e s u l t i n g  i n  poor s e l e c t i v i t y  t o  t h e  d e s i r e d  
hydrocarbons .  Otsuka e t  a l .  ( 3 , 4 )  d e s c r i b e d  r e s u l t s  f o r  a v a r i e t y  of c a t a l y s t s  
i n c l u d i n g  rare e a r t h s ,  t r a n s i t i o n  m e t a l  e l e m e n t s ,  a l k a l i  and a l k a l i n e  e a r t h  
compounds and h a l i d e  doped mixtures .  Lunsford  e t  a l .  ( 5 , 6 )  were t h e  f i r s t  to r e p o r t  
t h e  use  of a Li-doped magnesia and p o s t u l a t e  t h a t  methane a c t i v a t i o n  o c c u r r e d  a t  
[Li'O-] c e n t r e s .  T h i s  c a t a l y s t  i s  n o t a b l e  i n  t h a t  i t  does  n o t  c o n t a i n  meta l  i o n s  of 
v a r i a b l e  o x i d a t i o n  s t a t e  and t h e  a c t i v e  s p e c i e s  i s  t h o u g h t  t o  i n v o l v e  t h e  an ion .  A 
remarkable  f e a t u r e  of t h e  p u b l i s h e d  d a t a  is t h e  v a r i e t y  of s u r f a c e s  t h a t  promote t h e  
r e a c t i o n  and t h e  s i m i l a r i t y  of many of t h e  r e p o r t e d  product  d i s t r i b u t i o n s .  T h i s  
s u g g e s t s  t h a t  a f t e r  t h e  i n i t i a t i o n  s t e p  t h e  hydrocarbon b u i l d i n g  s t e p s  p r o b a b l y  
OCCUK v i a  ,a g a s  phase mechanism ( 1 ) .  

The p r e s e n t  paper  r e p o r t s  r e s u l t s  o b t a i n e d  u s i n g  a Li/MgO c a t a l y s t  w i t h  CH4/02 
m i x t u r e s  and d e s c r i b e s  t h e  i n f l u e n c e  of c o n t a c t  t i m e  and oxygen c o n c e n t r a t i o n  on 
r e a c t i o n  r a t e  and p r o d u c t  s e l e c t i v i t i e s .  I m p l i c a t i o n s  f o r  t h e  r e a c t i o n  mechanism 
a r e  a l s o  d i s c u s s e d .  

2. EXPERIMENTAL 

C a t a l y s t s  were p r e p a r e d  by p r o c e d u r e s  s i m i l a r  t o  t h o s e  d e s c r i b e d  by I t o  and Lunsford  
( 5 )  and c a l c i n e d  i n  a i r  a t  850°C b e f o r e  use. I n i t i a l  L i  l o a d i n g s  were e q u i v a l e n t  t o  
a Li/Mg a t o m i c  r a t i o  of 0.511. However s u b s e q u e n t  a n a l y s i s  showed s u b s t a n t i a l  loss 
on f i r i n g  and t o  some e x t e n t  d u r i n g  r e a c t i o n .  

Exper iments  were conducted  u s i n g  q u a r t z  or  a lumina  f ixed-bed  r e a c t o r s  and a 
c o n t i n u o u s  f l o w  of f e e d  gas .  Pseudo-contact t i m e s  (W/F) e q u i v a l e n t  t o  t h e  w e i g h t  o f  
c a t a l y s t  ( 9 )  d i v i d e d  by t h e  f e e d  g a s  f l o w r a t e  a t  o p e r a t i n g  c o n d i t i o n s  (ml s- ' )  were 
v a r i e d  i n  t h e  range  0.01 t o  2. Tempera tures  were i n  t h e  range  550 t o  850°C. Exit 
g a s  a n a l y s i s  was performed by g a s  chromatography ( h y d r o c a r b o n s )  and c o n t i n u o u s  g a s  
a n a l y s e r s  (CO, C02 and 0 2 ) .  
o u t  e n a b l i n g  oxygen b a l a n c e s  t o  be d e t e r m i n e d  ( u s u a l l y  100 f 5%) and hydrogen  y i e l d s  
t o  be c a l c u l a t e d  from a hydrogen ba lance .  
a n a l y s i s  was o b t a i n e d  i n  s e l e c t e d  exper iments .  

I n  some e x p e r i m e n t s  water a n a l y s e s  were a l s o  c a r r i e d  

Conf i rmat ion  of hydrogen y i e l d s  b y  

3. RESULTS AND DISCUSSION 
3.1 R e a c t i o n  r a t e s  

F i g u r e  1 shows t h e  dependence  of t h e  methane c o n v e r s i o n  r a t e  ( m o l  CH4 min-l  g - l  
c a t a l y s t )  on t h e  pseudo-contac t  t i m e  (W/F) f o r  a range  of  O2 c o n c e n t r a t i o n s  u s i n g  
17.3 g Of c a t a l y s t  a t  770°C. 
a t  90% and t h e  oxygen c o n c e n t r a t i o n  was Var ied  between 1 and 9.4% w i t h  t h e  b a l a n c e  
b e i n g  n i t r o g e n .  

AS e x p e c t e d ,  t h e  methane c o n v e r s i o n  r a t e  i n c r e a s e d  a s  t h e  l e v e l  of oxygen i n  t h e  
f e e d  g a s  i n c r e a s e d .  However, f o r  e a c h  oxygen l e v e l  t h e r e  was a marked d e c l i n e  i n  
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methane c o n v e r s i o n  r a t e  as t h e  c o n t a c t  t i m e  i n c r e a s e d  (i.e. a s  t h e  g a s  v e l o c i t y  
through t h e  r e a c t o r  d e c r e a s e d ) .  The p o s s i b i l i t y  t h a t  t h i s  e f f e c t  was caused  by 
l i m i t a t i o n s  i n  t h e  mass t r a n s f e r  of r e a c t a n t s  a c r o s s  t h e  boundary l a y e r  t o  t h e  
e x t e r n a l  s u r f a c e  o f  t h e  c a t a l y s t  was checked u s i n g  s t a n d a r d  c a l c u l a t i o n  p r o c e d u r e s  
( 7 ) .  In  a l l  c a s e s  t h e  r e a c t o r  was found t o  be o p e r a t i n g  w e l l  o u t s i d e  t h e  regime 
where e x t e r n a l  mass t r a n s f e r  l i m i t a t i o n s  apply .  Presumably t h e  observed  d e c l i n e  i n  
methane c o n v e r s i o n  r a t e  w i t h  i n c r e a s i n g  c o n t a c t  t i m e  r e s u l t s  f rom o p e r a t i n g  t h e  
r e a c t o r  i n  a n  i n t e g r a l  mode where t h e  v a r i a t i o n  i n  W/F r e s u l t s  i n  d i f f e r e n t  a v e r a g e  
r e a c t a n t  and p r o d u c t  c o n c e n t r a t i o n s  and hence d i f f e r e n t  r e a c t i o n  r a t e s .  The 
p o s s i b i l i t y  of r a t e  s u p p r e s s i o n  by one o r  more of t h e  p r o d u c t s  r e d u c i n g  c a t a l y s t  
a c t i v i t y  must a l s o  be c o n s i d e r e d .  

3.2 

Methane c o n v e r s i o n  ( p e r c e n t a g e  of i n p u t  methane c o n v e r t e d  t o  p r o d u c t s ) ,  oxygen 
consumption ( p e r c e n t a g e  of i n p u t  OZ,consumed) and p r o d u c t  s e l e c t i v i t y  (amount of 
i n p u t  methane c o n v e r t e d  t o  a s p e c i t i c  p r o d u c t  a s  a p e r c e n t a g e  of t o t a l  methane 
c o n v e r t e d )  f o r  f e e d  g a s e s  c o n t a i n i n g  1.1 and 9.4% O2 a r e  i l l u s t r a t e d  i n  Fig. 2 a s  a 
f u n c t i o n  of W/F. A t  t h e  lower O2 c o n c e n t r a t i o n  ( F i g .  2a) ,  t o t a l  0 consumption was  
achieved  at  t h e  l o n g e s t  c o n t a c t  t i m e  when CH4 c o n v e r s i o n  reached  32. 
hydrocarbons  was v e r y  h i g h  at  94% f o r  W/F = 0.3, of which 91% corresponded t o  C2 
hydrocarbons  and 3% C3 h y d r o c a r b o n s ,  p r i n c i p a l l y  propane. 
hydrocarbon s e l e c t i v i t y  was s t i l l  h i g h  a t  93% w i t h  C3's i n c r e a s i n g  t o  5% and 
c o n s i s t i n g  p r i n c i p a l l y  of  p r o p y l e n e .  I n c r e a s i n g  c o n t a c t  t ime r e s u l t e d  i n  a n  
i n c r e a s i n g  c o n v e r s i o n  t o  e t h y l e n e  w i t h  a c o r r e s p o n d i n g  d e c r e a s e  i n  e t h a n e .  Carbon 
d i o x i d e  was t h e  dominanc c a r b o n  o x i d e  product .  

With 9.4% O2 i n  t h e  f e e d  g a s  ( F i g .  2b) t h e  s e l e c t i v i t y  t o  hydrocarbons  showed a 
s t r o n g  dependence  on c o n t a c t  t ime,  d e c l i n i n g  from 85% a t  W/F = 0.3 t o  76% a t  1.5. 
C3 hydrocarbons ,  m a i n l y  p r o p y l e n e ,  reached 6% a t  t h e  l o n g e r  r e a c t i o n  times. The 
loss i n  h y d r o c a r b o n  s e l e c t i v i t y  a p p e a r s  t o  be due  t o  an i n c r e a s i n g  c o n t r i b u t i o n  f r o m  
secondary  r e a c t i o n s  i n  t h e  p r e s e n c e  of a h i g h e r  O2 c o n c e n t r a t i o n  and is  r e f l e c t e d  i n  
i n c r e a s i n g  s e l e c t i v i t y  t o  c a r b o n  o x i d e s .  T h i s  is  accompanied by a n  i n c r e a s e d  
p r o d u c t i o n  of e t h y l e n e  and d e c l i n e  i n  e thane .  

Minor y i e l d s  of o t h e r  h y d r o c a r b o n s  were observed ,  i n c l u d i n g  butenes ,  b u t a d i e n e  a n d ,  
a t  h i g h e r  t e m p e r a t u r e s ,  benzene, t o l u e n e  and a c e t y l e n e .  These p r o d u c t s  a l l  
d e m o n s t r a t e  an i n c r e a s i n g  c o n t r i b u t i o n  from s e c o n d a r y  g a s  phase  r e a c t i o n s  a s  
o p e r a t i n g  c o n d i t i o n s  became more s e v e r e .  
s t ream i n  amounts e q u i v a l e n t  t o  a b o u t  15% of t h e  hydrogen l i b e r a t e d  by t h e  methane 
c o n v e r s i o n  and also depended upon r e a c t i o n  s e v e r i t y .  
p y r o l y s i s  of e t h a n e  t o  e t h y l e n e  or p o s s i b l y  by d e c o m p o s i t i o n  of r e a c t i o n  
i n t e r m e d i a t e s  s u c h  as formaldehyde. 

The dependence of CH4 c o n v e r s i o n ,  O2 consumption and p r o d u c t  s e l e c t i v i t y  on 0 
c o n c e n t r a t i o n  i n  t h e  f e e d  g a s  is summarised i n  Fig.  3 f o r  a f i x e d  W/F v a l u e  o$ 
1.5. 
t h e  f e e d  g a s  (CH4 c o n s t a n t  a t  90%) accompanied by i n c r e a s i n g  f o r m a t i o n  of c a r b o n  
oxides.  
whereas e t h y l e n e  i n c r e a s e d  and e v e n t u a l l y  reached  a p l a t e a u  of 42%. 
e x p e r i m e n t s  where  t o t a l  02 consumption was achieved ,  e t h y l e n e  s e l e c t i v i t y  reached a 
maximum and t h e n  d e c l i n e d  w i t h  i n c r e a s i n g  c o n t a c t  t i m e  s u g g e s t i n g  t h a t  secondary ,  
undes i red  p r o d u c t i o n  of c a r b o n  o x i d e s  a d v e r s e l y  a f f e c t e d  e t h y l e n e  p r o d u c t i o n .  O2 
consumption showed a small d e c r e a s e  wi th  i n c r e a s i n g  O2 c o n t e n t  whereas  CH,+ 
c o n v e r s i o n  i n c r e a s e d  markedly ,  r e a c h i n g  11% w i t h  9.4% O2 i n  t h e  f e e d  gas .  

Methane c o n v e r s i o n  and p r o d u c t  s e l e c t i v i t y  

S e l e c t i v i t y  t o  

A t  t o t a l  O2 consumpt ion ,  

Hydrogen was also observed  i n  t h e  p r o d u c t  

Hydrogen c o u l d  a r i s e  by 

Hydrocarbon s e l e c t i v i t y  d e c l i n e d  l i n e a r l y  w i t h  i n c r e a s i n g  O2 c o n c e n t r a t i o n  i n  

Ethane  s e l e c t i v i t y  d e c l i n e d  r a p i d l y  w i t h  i n c r e a s i n g  O2 c o n c e n t r a t i o n  
I n  o t h e r  

3.3 R e a c t i o n  s e q u e n c e  

I t o  e t  a l .  ( 5 , 6 )  proposed  t h a t  t h e  i n i t i a l  s t e p  i n  t h e  c a t a l y t i c  c o n v e r s i o n  was t h e  
format ion  of a m e t h y l  r a d i c a l  by hydrogen a b s t r a c t i o n  from a methane molecule  at a 
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t h e r m a l l y  g e n e r a t e d  [Li+O-] s i t e .  
t h e  s u r f a c e  O K  i n  t h e  g a s  phase produced e t h a n e .  E t h y l e n e  was thought  t o  a r i s e  from 
p a r t i a l  o x i d a t i o n  o r  p y r o l y s i s  r e a c t i o n s  of e t h a n e .  Carbon o x i d e s  a r o s e  from e i t h e r  
o x i d a t i o n  of methyl r a d i c a l s  or f u r t h e r  o x i d a t i o n  of C2 p r o d u c t s .  

I n  a n  a t t e m p t  t o  c l a r i f y  t h e  r e a c t i o n  sequence ,  e x p e r i m e n t s  were conducted  a t  s h o r t  
pseudo-contac t  times u s i n g  a s m a l l  c a t a l y s t  bed (c0.5 g )  i n  o r d e r  t o  examine t h e  
p r o d u c t  d i s t r i b u t i o n  a t  low e x t e n t s  of r e a c t i o n .  F i g u r e  4 shows t h e  dependence  on  
t e m p e r a t u r e  of CH4 c o n v e r s i o n ,  0 
of 0.05 u s i n g  a 50% CH4/5% 02/452 He  f e e d  g a s  m i x t u r e .  
below about  700OC CH4 c o n v e r s i o n  and O2 consumpt ion  were low, C2 hydrocarbon 
s e l e c t i v i t y  was also low and carbon o x i d e s  were t h e  major p r o d u c t s  below a b o u t  
650-C. I n c r e a s i n g  t h e  t e m p e r a t u r e  r e s u l t e d  i n  i n c r e a s i n g  C p  s e l e c t i v i t y ,  which 
reached  a broad  maximum of 75% between 750 and 800°C. Below 650°C e t h a n e  was t h e  
o n l y  hydrocarbon s p e c i e s ,  w i t h  s e l e c t i v i t y  t o  e t h y l e n e  i n c r e a s i n g  a t  h i g h e r  
t e m p e r a t u r e s .  These d a t a  s u g g e s t  t h a t ,  a t  l e a s t  i n  t h e  e a r l y  s t a g e s  of  t h e  
r e a c t i o n ,  e t h a n e  and c a r b o n  o x i d e s  a r e  formed by p a r a l l e l  r a t h e r  t h a n  s e q u e n t i a l  
r e a c t i o n s .  The r e a c t i o n s  i n v o l v e d  must have d i f f e r e n t  a c t i v a t i o n  e n e r g i e s ,  
r e s u l t i n g  i n  a changing  p r o d u c t  d i s t r i b u t i o n  w i t h  i n c r e a s i n g  tempera ture .  

F u r t h e r  e v i d e n c e  i n  f a v o u r  of t h i s  r e a c t i o n  sequence  is  d e p i c t e d  i n  F i g u r e  5. These  
d a t a  were d e r i v e d  a t  s h o r t  r e s i d e n c e  times (W/F = 0.01-0.1) w i t h  a f e e d  g a s  
c o n s i s t i n g  of 95% CHq/5% 02. 
methane c o n v e r s i o n ,  and t h e  d iagram i n c l u d e s  a c u r v e  r e p r e s e n t i n g  O 2  consumption. 
A t  t h e  h i g h e r  c o n v e r s i o n s  C2 s e l e c t i v i t y  s t a r t e d  t o  d e c l i n e  and c a r b o n  o x i d e s  t o  
i n c r e a s e  owing t o  s e c o n d a r y  o x i d a t i o n  a s  t h e  oxygen consumption approached  100%. 
However, e x t r a p o l a t i o n  of t h e  s e l e c t i v i t i e s  back  t o  z e r o  c o n v e r s i o n  p r o v i d e s  
e v i d e n c e  of t h e  pr imary  r e a c t i o n  p r o d u c t s  w i t h o u t  c o n t r i b u t i o n  from s e c o n d a r y  
p r o c e s s e s .  I n  t h i s  example and i n  a l l  o t h e r  e x p e r i m e n t s  o n l y  e t h a n e  and c a r b o n  
o x i d e s  formed i n t e r c e p t s .  
z e r o  a t  z e r o  CH4 c o n v e r s i o n  i n d i c a t i n g  t h a t  t h e s e  p r o d u c t s  a r i s e  from s e c o n d a r y  
r e a c t i o n s  of e t h a n e .  The i n c r e a s e  i n  carbon o x i d e s  at  h i g h e r  c o n v e r s i o n  must be 
a s s o c i a t e d  w i t h  f u r t h e r  o x i d a t i o n  of product  hydrocarbons .  

The s i m u l t a n e o u s  f o r m a t i o n  of e t h a n e  and carbon o x i d e s  a g a i n  s u g g e s t s  t h a t  i n  t h e  
e a r l y  s t a g e s  of t h e  r e a c t i o n  t h e s e  p r o d u c t s  a r i s e  from p a r a l l e l  r a t h e r  t h a n  
s e q u e n t i a l  r e a c t i o n s .  T h e r e  is  t h u s  no d i r e c t  r o u t e  t o  e t h y l e n e .  These s o - c a l l e d  
' p r i m a r y  s e l e c t i v i t i e s '  at z e r o  c o n v e r s i o n  a r e  c o n s i d e r e d  t o  be a n  i n t r i n s i c  
p r o p e r t y  of t h e  c a t a l y s t  and a s  such  provide  a u s e f u l  means of comparing t h e  
per formance  of d i f f e r e n t  c a t a l y s t s .  

Recombination of two methyl  r a d i c a l s  e i t h e r  on 

consumpt ion  and p r o d u c t  s e l e c t i v i t y  a t  a f i x e d  W/F 
C l e a r l y  a t  t e m p e r a t u r e s  

Product  s e l e c t i v i t i e s  are shown a s  a f u n c t i o n  of 

E t h y l e n e  and Cg hydrocarbon s e l e c t i v i t i e s  e x t r a p o l a t e  t o  

CONCLUSIONS 

P r o d u c t  s e l e c t i v i t y  from t h e  c a t a l y t i c  p a r t i a l  o x i d a t i o n  of methane o v e r  a Li/E.lgO 
c a t a l y s t  is  v e r y  dependent  on c o n t a c t  t i m e ,  O 2  c o n c e n t r a t i o n  and t e m p e r a t u r e .  
h i g h  s e l e c t i v i t i e s  t o  hydrocarbons  (>go%) c a n  be  a c h i e v e d  provided  h i g h  CH4;02 
ratios 0 5 0 : l )  a r e  used. The r e a c t i o n  sequence  i n v o l v e s  t h e  i n i t i a l  f o r m a t i o n  o f  
e t h a n e  and c a r b o n  o x i d e s  v i a  p a r a l l e l  r e a c t i o n s .  
e t h y l e n e ,  which a r i s e s  from secondary  r e a c t i o n s  of e t h a n e .  

Very 

There  i s  no d i r e c t  r o u t e  t o  
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Influence of pseudo-contact time and oxygen level in feed gas on 
methane conversion rate at 770°C (feed gas 90% mHS) 
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Figure 2 .  Influence of pSeudO-COntact time on methane conversion, oxygen 
consumption and product s e l e c t i v i t i e s  a t  770°C. (a )  Feed gas 1.1% 02, 
90% C H 4 .  (b) Feed gas 9 .4% 02. 90% CH4 
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Figure 3. Influence of oxygen l e v e l  i n  
feed gas on methane conversion, 
oxygen consumption and product 
s e l e c t i v i t i e s  a t  770°C (W/F = 
1.5 g ml- ls)  02 IN FEED GASIvol%l 
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Figure 4 .  Eftecc of temperature on methane conversion, oxygen consumption and 
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Figure 5. Variation of product selectivity and oxygen consumption with methane 
conversion at 750°C (feed gas 95% CH4, 5% 02) 
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INTRODUCTION 
The conversion of methane to a l i q u i d  s t o r a g e a b l e  f u e l  is a d e s i r a b l e  

a l t e r n a t i v e  t o  compressed n a t u r a l  gas .  The s i m p l e s t  l i q u i d  is methanol p r e s e n t l y  
formed by t h e  steam reforming of methane t o  s y n t h e s i s  gas  fol lowed by t h e  h i g h  
p r e s s u r e  c a t a l y t i c  conversion of t h e  s y n t h e s i s  gas t o  methanol. The p r o c e s s  is most  
economic f o r  l a r g e  (2000 tonne/day)  p l a n t s  and must be l o c a t e d  near  l a r g e  r e s e r v e s  
of n a t u r a l  gas  o r  near  an a p p r o p r i a t e  p i p e l i n e .  The s impler  p a r t i a l  o x i d a t i o n  r o u t e  
o f f e r s  the  advantage of d i r e c t l y  conver t ing  methane t o  methanol i n  a s i n g l e  s t e p  
r e a c t i o n .  The p o t e n t i a l  f o r  t h e  p a r t i a l  o x i d a t i o n  r o u t e  t o g e t h e r  wi th  an economic 
e v a l u a t i o n  h a s  been r e p o r t e d  by Edwards and F o s t e r  (1) who showed t h a t ,  p rovided  t h e  
s e l e c t i v i t y  f o r  methanol format ion  is about  77%,  t h e  p a r t i a l  o x i d a t i o n  r o u t e  h a s  a n  
economic advantage over  t h e  convent iona l  s y n t h e s i s  r o u t e  w i t h  no p e n a l t y  f o r  
convers ions  as low as 4%. 

Much h a s  been publ i shed  on t h e  combustion of methane t o  CO and H 0 b u t  v e r y  
l i t t l e  h a s  been concerned w i t h  t h e  i n t e r m e d i a t e  formation of me$hanol.2 Gesser  et 
- a l .  (2) r e c e n t l y  reviewed t h e  c o n t r o l l e d  o x i d a t i o n  of CH to CH OH emphasizing t h e  
f r e e  r a d i c a l  mechanis t ic  aspec ts .  The heterogeneous c a t a k y t i c  s l u d i e s  was reviewed 
by  F o s t e r  (3) and P i t c h a i  and K l e i r  (4) .  Although t h e  l i t e r a t u r e  i n d i c a t e d  some 
p o t e n t i a l  c a t a l y s t s  ( 5 )  no commercial v i a b l e  r e a c t i o n  system h a s  been developed.  
Before embarking on a s t u d y  of t h e  c a t a l y t i c  conversion of CH t o  CH OH we a t tempted  
t o  e s t a b l i s h  a base- l ine s t u d y  by examining the  homogeneous r e a c t i o n  ( 6 , 7 , 8 , 9 )  and 
h e r e  r e p o r t  a summary of t h e  r e s u l t s  w i t h  methane. 

EXPERIMENTAL 
The experiments  were performed i n  a g l a s s  l i n e d  t u b u l a r  r e a c t o r  (0.36 cm I D ,  

3.3 mL hea ted  volume). React ion tempera ture  was i n d i c a t e d  by a s t e e l  shea thed  
thermocouple probe i n  t h e  r e a c t i o n  zone. 

Gases (2% N i n  CH and pure  0 ) from t h e  r e s p e c t i v e  c y l i n d e r s  were thoroughly  
pre-mixed before’en ter ing  i n t o  t h e  r e a c t o r  by p a s s i n g  them through a mixing c r o s s  
f i l l e d  wi th  Tef lon  t u r n i n g s .  Ni t rogen  w a s  d e l i b e r a t e l y  in t roduced  i n t o  t h e  f e e d  g a s  
so a s  to a c t  as an i n t e r n a l  r e f e r e n c e .  The p r e s s u r e s  a t  v a r i o u s  p o i n t s  were 
monitored by c a l i b r a t e d  p r e s s u r e  t ransducers .  The r e a c t i o n  products  were ana lyzed  
b y  g a s  chromatography w i t h  a thermal  conduct iv i ty  d e t e c t o r  us ing  an 8-port  sampling 
v a l v e  and two columns -- 5A molecular  s i e v e  and a Porapak S column. 

Using N as an i n t e r n a l  r e f e r e n c e  it was  p o s s i b l e  t o  measure t h e  changes i n  t h e  
r a t i o  (CH4/d ) i n  t o  (CH4/N2but and s o  determine t h e  conversion and m a t e r i a l  
ba lances .  S e l e c t i v i t y  w a s  c a l c u l a t e d  i n  terms of t o t a l  carbon products .  The w a t e r  
y i e l d  w a s  i n v a r i a b l y  g r e a t e r  than  t h a t  of t h e  methanol. Formaldehyde was found i n  
t r a c e  q u a n t i t i e s  and was determined c o l o r i m e t r i c a l l y  (10). 

Experiments were conducted by f i r s t  a d j u s t i n g  t h e  gas  f lows  and, when s t a b l e ,  
t h e  tempera ture  of t h e  r e a c t o r  w a s  r a i s e d  t o  the  d e s i r e d  va lue .  The on- l ine  
a n a l y s i s  w a s  t h e n  performed over  a per iod  of s e v e r a l  hours .  

The r e s i d e n c e  time was  u s u a l l y  about  2 minutes  but v a r i e d  from 0.2 t o  about  5 
min w i t h  no obvious e f f e c t s  on t h e  products .  

RESULTS 
The e f f e c t  o f  tempera ture  on  CH OH conversion a t  d i f f e r e n t  tempera tures  and 

p r e s s u r e s  i s  shown i n  F i g u r e  1. A2 higher  O2 c o n c e n t r a t i o n s  t h e  i n c r e a s e  i n  
temperature  s i g n i f i c a n t l y  i n c r e a s e s  the  conversion.  The p o s s i b l e  CH4 convers ion  is 
a maximum of twice ,  and a minimum of h a l f ,  t h e  0 consumed. Calcu la ted  convers ion  
of g r e a t e r  than  twice  t h e  O2 consumed were due t o  e r r o r s  i n  t h e  CH4/N2 rat ios 
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measured and t h e  accompanying e r r o r s  i n  t h e  d i f f e r e n c e s  of  two l a r g e  numbers. 
Ma te r i a l  ba l ances  were u s u a l l y  good (wi th in  100 ?lo%) f o r  carbon bu t  poor f o r  
oxygen. 

The r e s u l t s  i n  F igure  2 show t h e  e f f e c t  o f  tempera ture  on t h e  methanol 
s e l e c t i v i t y  a t  v a r i o u s  0 concen t r a t ions .  As t he  tempera ture  i s  increased  t h e  

2 s e l e c t i v i t y  p a s s e s  th rougz  a maximum which i s  at lower tempera tures  f o r  lower 0 
concen t r a t ions .  

The methanol s e l e c t i v i t y  dec reases  as t h e  O2 concen t r a t ion  i n c r e a s e s  as shown 
i n  F igure  3. 

The e f f e c t  of p r e s s u r e  on the  methanol s e l e c t i v i t y  was determined i n  ano the r  
r e a c t o r  (0.4 cm I D ,  5.7 mL r e a c t o r  volume). The r e s u l t s  a r e  g iven  i n  Table  1 and 
c l e a r l y  show t h a t  for a g iven  oxygen concen t r a t ion  i n  t h e  feed  gas  and, g i v e n  
r e a c t i o n  t empera tu re ,  p re s su re  had a p o s i t i v e  in f luence  on methanol s e l e c t i v i t y ;  
e s p e c i a l l y  a t  above 50 atm. Thus, a t  an oxygen concen t r a t ion  of 5 t o  6% i n  the  f e e d  
gas  and a r e a c t i o n  tempera ture  of about 453"C, t he  methanol s e l e c t i v i t y  inc reased  
from 65% at 35 atm t o  76% a t  50 a t m  and a t  65 atm i t  was 83%. A similar t r end  was 
observed a t  t h e  o t h e r  oxygen concen t r a t ions  used i n  t h i s  s tudy .  

DISCUSSION 
Much of the  e a r l i e r  work on p a r t i a l  ox ida t ion  of methane has  been conducted i n  

s t a t i c  r e a c t o r s  ( 1 1 , l Z ) .  Limited s t u d i e s  have been performed employing f low 
r e a c t o r s  at  h igh  p r e s s u r e s  (13,14,15). Boomer e t  a l .  (16) showed t h a t  a t  a p r e s s u r e  
of 180 atm, tempera ture  of 475°C and 3.2% o x y g e n c o n c e n t r a t i o n  i n  the  f eed  gas ,  a 
maximum methanol s e l e c t i v i t y  of 74% could  be ob ta ined .  The methane convers ion  a t  
the  above c o n d i t i o n s  w a s  on ly  1.9%. S imi l a r  r e s u l t s  were r epor t ed  by P i c h l e r  and 
Reder (14), and k' iezevich and F ro l i ch  (15). Brockhaus and Franke (17) from t h e i r  
s t u d i e s  on t h e  p a r t i a l  ox ida t ion  of methane under cool  flame cond i t ions  were a b l e  t o  
ob ta in  a combined s e l e c t i v i t y  of methanol and formaldehyde of up t o  91%. However, 
t he  convers ion  p e r  p a s s  was of t h e  o rde r  of 2%. I n  compariscn t o  a l l  of the  s t u d i e s  
r epor t ed  t o  t h i s  d a t e  on homogeneous gas  phase ox ida t ion  of methane, our r e s u l t s  
seem t o  be  t h e  most promis ing  i n  t h a t  a methanol s e l e c t i v i t y  of 83% a t  a convers ion  
l e v e l  of 8% p e r  pas s  could  be obta ined .  

The h igh  methanol s e l e c t i v i t i e s  observed i n  our  exper iments  can be  expla ined  by 
the  type  of t he  r e a c t o r  used and the  r e a c t i o n  cond i t ions  employed i n  the  s tudy .  
Seve ra l  workers (18 ,19)  have i d e n t i f i e d  s u r f a c e  r e a c t i o n s  such as ox ida t ion ,  
decomposition of oxygenated products  and coke format ion  t o  be  r e spons ib l e  f o r  t h e  
decrease  i n  methanol s e l e c t i v i t y .  Su r face  r e a c t i o n s  were found t o  be impor tan t  i n  
meta l  r e a c t o r s ,  packed r e a c t o r s  and a l s o  a t  low r e a c t i o n  p res su res  ( 2 0 ) .  I n  our 
s tudy ,  probably t h e  s u r f a c e  r e a c t i o n s  were of  less importance due t o  t h e  use  o f  a 
g l a s s  l i n e d  and/or  h i g h  p r e s s u r e  where d i f f u s i o n  t o  r e a c t o r  w a l l  would not  be  
s i g n i f i c a n t .  

The proposed mechanism f o r  t he  p a r t i a l  ox ida t ion  of methane a t  h igh  p r e s s u r e  
(12) sugges t s  t h a t  t h e  r e a c t i o n  between t h e  peroxide  r a d i c a l  CH 0 and methane 
r e s u l t i n g  in  the  format ion  of methylhydroperoxide and methyl radi>al% may compete 
s t r o n g l y  w i t h  t h e  decomposi t ion  of t h e  peroxide  r a d i c a l .  The methylhydroperoxide 
r a d i c a l  then decomposes i n t o  methoxy and hydroxy r a d i c a l s  and methanol i s  formed by 
a r e a c t i o n  between t h e  methoxy r a d i c a l  and methane. Hence, h ighe r  p r e s s u r e s  f avour  
t h e  methanol s e l e c t i v i t y  and our r e s u l t s  as shown i n  Table 1 suppor t  t h i s  view. 
Although i n  the  p r e s e n t  work t h e  maximum r e a c t i o n  p res su re  employed w a s  65 a t m ,  
e a r l i e r  exper iments  (6,21) showed t h a t  an  inc rease  i n  p r e s s u r e  t o  125 a t m  had lower  
methanol s e l e c t i v i t y .  Thus a t  a n  oxygen concen t r a t ion  of  5% i n  t he  feed  gas t h e  
methanol s e l e c t i v i t y  w a s  found t o  decrease  from 61% a t  50 atm t o  25% a t  125 atm. 
The maximum methanol s e l e c t i v i t y  may occur  between 65 and 125 atm and t h i s  has yet  
t o  be e s t a b l i s h e d .  

CONCLUSIONS 

10% convers ion  l e v e l s  p e r  pas s  could  be obta ined  du r ing  t h e  p a r t i a l  ox ida t ion  of 
methane i n  t h e  t u b u l a r  r e a c t o r  opera ted  a t  about 65 a t m ,  450°C and a r e s idence  t i m e  
of about 4 min. The methanol s e l e c t i v i t y  was observed to depend s i g n i f i c a n t l y  on 

In t h i s  s tudy  w e  showed t h a t  methanol s e l e c t i v i t i e s  of 75 t o  over  80% a t  8 t o  1 
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t h e  oxygen c o n c e n t r a t i o n  i n  t h e  f eed  g a s  and r e a c t i o n  p r e s s u r e .  Oxygen 
concen t r a t ions  l e s s  than 5X and r e a c t i o n  p r e s s u r e  h i g h e r  than 50 atm were found t o  
be conducive f o r  h ighe r  methanol s e l e c t i v i t y .  
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Figure 3. Effect of oxygen concentration in the feed 
gas on methanol selectivity. 

Table I. 
oxygen concentrations in the feed gas. 

The effect of varying reaction pressure on methanol selectivity at different 

Run (I Reaction Conditions Residence Conversion Selectivit , mol%* CH OH 
Temperature Pressure 0 Conc. Time mol2 CH30H C; C02 Yi&d 

OC atm 2m012 m in mol4 

29 455 34.0 10.3 2.5 7.5 59.8 25.1 15.1 4.5 
28 453 34.7 6.0 3.5 8.1 64.9 20.7 14.7 5.3 
27 450 34.4 2.1 3.2 3.9 77.0 10.7 12.3 3.1 
26 453 50.0 '8.0 2.8 7.5 56.5 23.9 19.3 4.3 
24 45 1 50 .O 6.7 3.7 9.5 76.0 12.6 11.4 7.2 
25 451 50.0 3.5 4.6 5.9 16.7 12.6 10.1 4.5 
32 456 65.4 7.4 4.5 11.0 66.5 22.6 10.9 7.3 
31+ 456 65.3 5.1 4.1 8.0 83.0 10.7 6.4 6.6 
33 468 65.6 2.6 3.7 5.3 81.5 9.6 8.9 4.3 

i 

i. f 
*Average of at least 4 on-line analysis. 
+Reducing the heated zone from 45 cm to 35 cm increased the CH OH selectivity to 84.52. 3 
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I n t r o d u c t i o n  

The po lymer i za t ion  of methane, or o t h e r  low-molecular weiqht hydrocarbons ,  i n  
t h e  presence  o f  electrical d i s c h a r g e s  or i n  low tempera ture  plasmas, has  been 
t h e  s u b j e c t  of  a l a r q e  number of r e p o r t s  i n  t h e  l i t e r a t , u r e  (1-3). 
f e a t u r e s  a r e  t h e  o p e r a t i o n  under vacuum and t h e  product ion  of r a d i c a l s  
d i f f u s i n q  towards  t h e  r e a c t o r  wal l  wi th  subseauent  po lymer i za t ion  t o  a s o l i d  
product .  The 
po lymer i za t ion  of hydrocarbons  can be i n i t i a t e d  t.hrouah t h e  p o s i t i v e - i o n  
molecule type  r e a c t i o n  and t h e  r a d i c a l  molecule type  r e a c t i o n  (4). 
ca thode  is a medium of h ioh  i n t e r e s t  f o r  o e n e r a t i n o  a !arqe c o n c e n t r a t i o n  of  
h iqhly  e n e r q e t i c  e l e c t r o n s ,  l ead inq  t o  t h e  p o s s i b l e  format ion  of CHI,+ i ons .  

P re l imina ry  resul ts  ob ta ined  i n  t h i s  l a b  ( 5 - 6 )  have shown t h a t  methane 
conve r s ion  can  be e f f e c t e d  us inq  a hollow ca thode  a s  t h e  sou rce  of polymer 
i n i t i a t o r s .  
ca thode  meta l  used (Tungsten, Tantalum and a Tungsten-Platinum s o l i d  s o l u t i o n )  
a s  wel l  a s  t h e  i n f l u e n c e  on t h e  y i e l d  of  t h e  qas  used a s  a d i l u e n t  (a rgon  and 
he l ium) .  

Theory 

Within t h e  hollow ca thode ,  an atom or molecule  is i o n i z e d  fo l lowing  energy  
t r a n s f e r s  r e s u l t i n g  from atom - e l e c t r o n  c o l l i s i o n s  or charqe  t r a n s f e r  ( 7 ) .  
With mix tu res  of A r - C t i ~ ,  and He- CHI, ,  t h e  i o n i z a t i o n  s t e p  of .methane  t a k e s  
p l a c e  acco rd ing  t o  t h e  r e a c t i o n s :  

Common 

The gas  phase  is q e n e r a l l y  composed of hydrocarbons up t o  C5. 

The hol low 

The p r e s e n t  work i n v e s t i q a t e s  t h e  e f f e c t s  on t h e  p rocess  of  t h e  

Ar + e + Ar+ + 2e ( 1 )  
Ar++ CHI, + A r  + CH4+ (2)  

Also ,  a r aon  m e t a s t a b l e s  3P2 (11.54 eV) and 3Po (11.72 eV) can  be qene ra t ed :  

Ar + e + A r *  + e ( 3 )  
A r *  + CHI, + Ar + CHI,+ + e (4) 

S i m i l a r  r e a c t i o n s  may occur wi th  He* which p r e s e n t s  a me tas t ab le  level a t  19.8 
eV, t h i s  p a r t i c l e  be ina  then  much more e n e r s e t i c  than  t h e  a rqon  me tas t ab le s .  
The po lymer i za t ion  then  proceeds  fo l lowing  t h e  equa t ion :  

CHI,+ + CHI, * C2Hn+ + n/2 H2 ( 5 )  

t h e  cha in  r e a c t i o n  y i e l d i n g  CmH+n. Termina t ion  of t h e  process  occur s  when 
low v e l o c i t y  e l e c t r o n s  a r e  a v a i l a b l e :  

1 
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The s t e p s  d e s c r i b e d  a r e  not unique and low v e l o c i t y  e l e c t r o n s  c a n  a l s o  l e a d  t o  
t h e  format ion  of r a d i c a l s ,  t h i s  l i k e l y  o c c u r r i n g  a t  t h e  o u t l e t  o f  t h e  c a t h o d e :  

CH4 + e + CH3* + H* + e 

CH3* + CH4 + Hf + C2Hg + H2 ( 7 )  

and t h e  p r o c e s s  c o n t i n u e s  through hydroqen a b s t r a c t i o n .  

Experimental  

The r e a c t o r  is shown i n  F i g u r e  1.  I t  c o n s i s t e d  mainly of an a r c  d i s c h a r q e  wi th  
a c y l i n d r i c a l  hollow ca thode  4 cm lonq and 0.2 cm t h i c k .  The c a t h o d e  m a t e r i a l s  
used were t u n g s t e n ,  a s o l i d  s o l u t i o n  of t u n g s t e n  and p la t inum and f i n a l l y  
tan ta lum.  The anode was made o f  s t a i n l e s s  steel wi th  a water -cooled  t u n a s t e n  
d i s c h a r g e  t i p .  The e l e c t r o d e s  were l o c a t e d  i n  a c o o l i n q  chamber where t h e  
polymer obt.ained was c o l l e c t e d  on t h e  water -cooled  w a l l s .  A Var ian  Inl5SL 
quadrupole  mass s p e c t r o q r a p h  was used f o r  t h e  e f f l u e n t  g a s  a n a l y s i s .  Hiqh 
p u r i t y  arqon and chemical pure  (99.9% p u r i t y )  met.hane were used i n  m i x t u r e s  up 
t o  25% methane by volume. Dependinq on t h e  experiment., t h e  e l e c t r o d e  gap was 
a d j u s t e d  between 1 . 5  and 4.0 mm. 
whi le  t h e  a r c  d i s c h a r g e  was s t a r t e d  and t h e  r e q u i r e d  methane flow added t o  t h e  
main arqon s t ream.  
t h e  pre-determined c o n d i t i o n s .  The d u r a t i o n  of an exper iment  was t y p i c a l l y  10  
minutes and t h e  i n i t i a l  ad jus tments  l a s t e d  about 30 seconds .  A t  t h e  end o f  t h e  
run, t h e  polymer d e p o s i t e d  on t h e  cooled  w a l l  of t h e  r e a c t o r  was c o l l e c t e d ,  
t o q e t h e r  wi th  t h e  carbon appear inq  on t h e  e l e c t r o d e s .  They were weighed t o  t h e  
n e a r e s t  20.1 mg. 

R e s u l t s  and D i s c u s s i o n  

The main product  r e s u l t i n g  from t h e  convers ion ,  o f  methane u s i n g  t h e  hollow 
ca thode  is a s o l i d  polymer. F i g u r e  2 i l l u s t r a t e s  t h e  r e l a t i o n s h i p  between 
polymer y i e l d ,  d e f i n e d  a s  weiqht of polymer/weight of methane f e d ,  and E/P (E = 
e l e c t r i c  f i e l d  between e l e c t r o d e s ,  V-cm-'; Ps p r e s s u r e ,  T o r r ) .  T h i s  y i e l d  is a 
f u n c t i o n  of t h e  averaqe  e l e c t r o n  energy. 
50% h i q h e r  i n  helium t h a n  i n  arqon, t h e  cor respondinq  E/P v a l u e  f o r  helium 
being about  twice t h e  one r e q u i r e d  f o r  argon. 
ob ta ined  wi th  helium a r e  p o s s i b l y  r e l a t e d  t.o a h i q h e r  r a t e  of format ion  o f  
CH4+. For i n s t a n c e :  

The ca thode  f u r n a c e  was a d j u s t e d  t o  2400°K 

F u r t h e r  a d j u s t m e n t s  were t h e n  made i n  o r d e r  t o  o p e r a t e  a t  

The maximum polymer y i e l d  is about 

The h i g h e r  polymer y i e l d s  

He* + CHI, + CH4" + 2e 
CH4-H + CHI, * 2 CH4+ 

(8) 
(9) 

t a k i n q  i n t o  account t h e  presence  of t h e  h i q h l y  e n e r q e t i c  He+ ( i o n i z a t i o n  
v o l t a q e  24.6V) and He* (19 .W).  

When Helium is used a s  d i l u e n t  h i q h e r  CH, c o n c e n t r a t i o n s  do not  seem t o  
s i q n i f i c a n t l y  a f f e c t  t h e  maximum polymer y i e l d  ( F i g u r e  3 ) .  In a rqon ,  i n c r e a s e s  
i n  methane c o n c e n t r a t i o n  l e a d  t o  d e c r e a s i n q  polymer y i e l d s  a s  shown i n  F i q u r e  4 
curve  2 B. 
i n c r e a s i n g  t h e  ca thode  v o l t a q e .  
a c e t y l e n e  and e t h y l e n e  were found i n  t h e  g a s  phase which is probably t h e  r e s u l t  
of p r o p a q a t i o n  r e a c t i o n  s t e p s  havinq been i n t e r r u p t e d  by t e r m i n a t i o n  r e a c t i o n s  
with slow e l e c t r o n s  or r a d i c a l s  recombinat,ion. 

Higher polymer y i e l d s  can be o b t a i n e d  a t  h igh  c o n c e n t r a t i o n  by 
A t  h i g h  methane c o n c e n t r a t i o n  only  methane, 

' I  
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Another i n t e r e s t i n g  f e a t u r e  observed i n  t h e  c a s e  of CHt+/He mix tures  is t h e  
complete absence  of ca rbon  d e p o s i t s .  The hydrocarbon s p e c i e s  p re sen t  a r e  
c h a r a c t e r i z e d  by h i q h e r  d i f f u s i v i t i e s  i n  He than  i n  Ar ( A ) .  
r e spons ib l e  f o r  h i q h e r  d e p o s i t i o n  r a t e s  of  t h e  hydrocarbon s p e c i e s  p r e s e n t  i n  
t h e  gas phase on t h e  r e a c t o r  wall. I t  cou ld  a l s o ,  at. l e a s t  p a r t l y ,  e x p l a i n  t h e  
dec reas inq  e f f e c t  of c o m p e t i t i v e  r e a c t i o n s  l e a d i n g  t o  t h e  format ion  of carbon 
when argon i s  used as a d i l u e n t  gas.  

Res ides  t u n g s t e n  (work f u n c t i o n  Ow = 4.6 eV), t an ta lum (Qa= 4.1 eV) and a 
tungs ten-p la t inum s o l i d  s o l u t i o n  were used t o  s tudy  t h e  i n f l u e n c e  of ca thode  
m a t e r i a l  on polymer y i e l d .  The work f u n c t i o n  of  t h e  W-Pt ca thode  was e v a l u a t e d  
t o  be 6.5 eV. Th i s  result compares r a t h e r  c l o s e l y  wi th  t h e  6 .3  eV ob ta ined  f o r  
t h e  P t  ca thode .  

These ca thodes  were t e s t e d  wi th  Ar+CHt, mix tures .  F i g u r e  4 i l l u s t r a t e s  t h e  
compara t ive  behaviour  of W-Pt and W ca thodes .  For 10% CHI, m ix tu res  a h i ah  
y i e l d  is ob ta ined  f o r  t h e  W-Pt ca thode ,  t h e  y i e l d  dec reas ing  wi th  i n c r e a s i n g  
e l e c t r o n s  energy  ( c u r v e  IA). 
i n c r e a s i n g  e l e c t r o n  ene rgy  f o r  bo th  t h e  W-Pt and t h e  W ca thodes  (Curve If3 and 
2 8 ) .  
lower conve r s ions ,  a l though  t h e  behaviour  of y i e l d  v s  E/P  is t h e  same (cu rves  
2A and 2R).  

The c u r r e n t  d e n s i t y  f o r  t h e  W-Pt ca thode  is es t ima ted  t o  be 10% t h a t  ob ta ined  
wi th  the  W ca thode .  The d r i f t  v e l o c i t y  be ing  similar i n  both c a s e s ,  one would 
expec t  a lower e l e c t r o n  c o n c e n t r a t i o n  (o f  t h e  same enerqy)  f o r  W-Pt ca thodes .  
A s  a conseauence, lower  rates of  format ion  of  po lymer i za t ion  promotors and 
lower polymer y i e l d s  shou ld  be obta ined  wi th  t h e  W-Pt cat,hode compared t o  t h e  W 
ca thode .  To e x p l a i n  t h e  h ighe r  y i e l d s  observed  t h e  assumption is then  made 
t h a t  the W-Pt ca thode  s u r f a c e  does  p lay  a c a t a l y t i c  r o l e  whose c o n t r i b u t i o n  
i n c r e a s e s  a5  e l e c t r o n  enerqy d e c r e a s e s  ( 6 ) .  
hehaviour of t an ta lum and tungs t en  ca thodes .  Althouqh t h e  thermoemissive 
c h a r a c t e r s  of Ta and W a r e  r a t h e r  s i m i l a r ,  t an t a lum does  show only an i n c r e a s e  
i n  y i e l d  w i t h  a co r re spond inq  i n c r e a s e  of  e l e c t r o n  enerqy (curve  IC, F igu re  
6 ) . I t  is p o s s i b l e  t h a t  c a t a l y t i c  e f f e c t s  a r e  absent  i n  t h i s  c a s e ,  i n  o p p o s i t i o n  
t o  t h e  tunqs t en  behaviour  ( cu rve  2A). 

This  may be 

For t h e  25% CHI, m ix tu re  t h e  y i e l d  i n c r e a s e s  wi th  

Tungsten c a t h o d e s  o p e r a t i n g  a t  the same c o n d i t i o n s  show s i g n i f i c a n t l y  

F iqu re  5 shows t h e  relative 

Conclusion 

Using helium i n s t e a d  of  argon i n  t h e  polymer iza t ion  of methane, by means of a 
hollow ca thode ,  i n c r e a s e s  t h e  r a t e  of  po lymer i za t ion  and suppres ses  carbon 
format ion .  These c o n c l u s i o n s  only apply t o  law methane c o n c e n t r a t i o n s  (10%). 
Tungsten ( I ) ,  t a n t a l u m  ( 2 )  and a s o l i d  s o l u t i o n  tungs ten-p la t inum (3 )  have been 
used f o r  making hol low ca thodes .  
c o l l i s i o n a l  p r o c e s s e s ,  ca thodes  1 and 3 seem t o  p l ay  a c a t a l y t i c  r o l e  i n  t h e  
format ion  of po lymer i za t ion  promoters.  In  t h i s  r e s p e c t ,  ca thode  3 shows h igh  
y i e l d s  of polymer format ion .  
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Figure 2. EFFECT OF GAS DILUENT 
10% methane i n  argon Conditions; tungsten cathode 
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Cathode temperature- 2600 K 
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Figure 3. EFFECT OF METHANE CONCENTRATION 
A IOX methane in helium 

20% methane i n  helium 
Conditions os i n  Fig. I 
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Figure 4. EFFECT OF CATHODE MATERIAL  
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Conditions os in Fig. 1. 
0 18: Y-Pt cathode; 25% mothano 

2A; Y cathode: 10% methono 
28: Y cathode8 25% nothono 

diluent is argon 

.9- 

.e- 

.7- 

.6- 

.5- 

.4- 

.3- 

-2- 

-I------- 
20 24 36 4 

E/P. (V/ cm . Torr) 

vT--- .- 

A 

Figure 5. BEHAVIOR OF TANTALUM CATHODE 
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ABSTRACT 
In this work, methane and oxygen mixtures have been oxidized to form methanol and smaller 

amounts of formaldehyde, methyl formate, formic acid and ethanol. Substantial amounts of water are 
also produced, as well as a small amount of ethane. The oxidation takes place at ambient conditions of 
temperature and pressure in an alternating electric field which is generated between cylindrical plates 
with a gap of 0.060 inches. Conversions were linearly dependent on the RMS voltagc in experiments 
using up to 10 kV RMS. Among square, triangular, and sinusoidal wave forms, only small differences 
in performance were. observed over the range of frequencies studied, from 25 to 200 Hem. The 
effects of oxygen concentration, space time, frequency, and field plate area have also been examined 
on a limited basis. The power consumption to the power supply has been measured to determine the 
efficiency of this system, in which substantial heat is released. The yield of methanol is from seven to 
nine percent of the methane converted in which methane conversions of five to ten percent are obtained 
when an oxygen limited feed is used. Substantial amounts of the methane convened appear as carbon 
monoxide and carbon dioxide, both of which are somewhat inhibited by operation with the oxygen lim- 
ited feed, although product inhibition during recycle experiments was not observed. 

INTRODUCTION 
There. is currently a great deal of interest in the production of organic oxygenates via partial oxi- 

dation. Of particular interest is the conversion of methane to liquid fuels such as methanol, as well as 
the synthesis of other single and multiple carbon products such as formaldehyde, ethanol and acetic 
acid. Most current research involves the use of heterogeneous catalysts (1). although there has been 
some effort in examining thermal routes (2). It is only in the relatively old literature that the partial 
oxidation of methane in the presence of electric fields appears. 

EXPERIMENTAL 
The experimental reaction system was operated in three different configurations, however most of 

the results of this paper were obtained in the single pass mode. Figure 1 illustrates this configuration 
Oxygen and methane are fed through individual rotameters and mixed and then flow to the react0 inlet. 
The reactor is the reaction vessel from an OREC model 03V5-0 ozone generator. The outer shell is a 
stainless steel cylinder with an outlet at the bottom. This shell serves as one electrode. The inside 
diameter of this outer shell is 77 millimeters. Within this shell, a glass tube is fitted which has a 
sealed bottom and the inner electrode which covers the inside surface of the glass tube. The gap 
between the outer wall of the glass tube and the inner wall of the shell is nominally 1.5 mm. Thus the 
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"active" reactor volume is in the shape of an annulus with an axial length of 332 mm. No analysis of 
the mixing characteristics was conducted, but it may be expected that there is some degree of backmix- 
ing. The volume of the reactor, between the electrodes, is about 118 cc. and the electrode area about 
787 square centimeters. (The last experiment was conducted with one half of this plate area.) The 
outer shell has a water jacket made of PVC for control of the temperature by use of a water recircula- 
tion system or tap water. 

After the gases have passed through the reactor, they pass through a dry ice/acetone trap to 
remove any condensable products. Following this, a small portion of the stream is diverted to a 
paramagnetic oxygen analyzer and, for later experiments, to a Carle gas chromatograph for analysis of 
the gaseous reactants and products. The thermal responses for all species detected were calibrated with 
known standards. 

Power to the electrodes is provided by an Elgar AC power supply and a Wavetek function gen- 
erator is used to generate the triangular wave used in the experiments discussed here. An oscilliscope 
is used to monitor the waveform, voltage level and frequency. A digital voltmeter is also used to mon- 
itor the RMS voltage. 

A few experiments were run in a recycle configuration, illustrated in Figure 2. Mass flow con- 
trollers were used to add methane and oxygen to the system in a make-up gas stream. A Cole-Parmer 
diaphragm pump was used to recirculate the gas stream, with a bypass valve to maintain pressures 
slightly above atmospheric in all parts of the system. 

RESULTS AND DISCUSSION 
Initial runs were conducted at conditions previously established as optimal for a standard set of 

conditions (3). The feed flow rate was 566 c c h i n  at 71 F with a composition of 24.4 volume per- 
cent oxygen and 75.7 percent methane at a pressure of 12 inches of water. The reactor was maintained 
at 155 O F. The electric field was maintained at 8 kV RMS at a frequency of 200 Hz using a uiangu- 
lar waveform. Under the standard conditions, the conversion of methane was about 15 percent and 
that of oxygen about 24 percent. Replicate experiments showed that the conversions of methane and 
oxygen varied f 15 percent and f 10 percent, respectively. The fractional yields of the primary liquid 
products under these conditions, water and methanol, were about .07 for methanol and .33 for water. 
The fractional yield is defined as the moles of a product produced per mole of methane reacted. This 
is used for water even though it is not a carbon based product. Thus about 7 percent of the methane 
converted formed methanol. Although methanol was the primary product, smaller amounts of other 
one and two carbon oxygenates were also formed. These products include formaldehyde, ethanol, 
methyl formate and formic acid. Qualitative GC/MS data showed the presence of numerous other 
compounds in minute quantities. 

Run 4 was conducted to determine the variation on the oxygen conversion with changes in the 
field voltage. The oxygen concentration in the exit stream was used as an indicator of reactivity before 
more detailed analyses were made with later runs. In this experiment, the field was increased in incre- 
ments from zero volts and allowed to equilibrate for several minutes. No decrease in the exit gas oxy- 
gen concentration was observed below 5 kV. At and above 5 kV the steady state oxygen concentra- 
tion in the exit gas stream decreased linearly with increasing voltage. The system could anain a max- 
imum RMS voltage of about 8kV at a frequency of 200 Hz. At 8 kV, the exit oxygen concentration 
was about 19.5 percent, or a conversion of 22 percent. A later run, run 25. was made to assess the 
effect of the frequency on the conversion and this, too, was found to be linear with decreased conver- 
sions at lower frequencies. In this run, the line power to the power supply was monitored and at a fre- 
quency of 50 Hz. the power consumed was approximately 30 percent of that at 200 Hz. The power 
used at 200 Hz was 350 Watts. There did appear to be some selectivity enhancement under these 



conditions, as the methanol produced had decreased to about 43 percent of its amount at 200 Hz. 
However, the decrease in conversion would have a significant influence on the optimal frequency for 
operation. 

Because significant amounts of carbon dioxide and water were produced, as well as the desired 
organic oxygenates, it was desirable to see if these might be inhibited by introduction of these species 
to the inlet stream of the reactor. Depending on the kinetics, it might be expected that significant 
quantities of these two species might drive the equilibrium in a favorable direction. In run 19, the inlet 
mole fraction of oxygen was reduced to .188 and a mole fraction of carbon dioxide of .085 was added, 
with the balance methane and the total inlet flow rate 485 cc/min. No differences could be detected in 
the results compared to runs at standard conditions, thus indicating that no equilibrium constraint 
appears to be limiting for carbon dioxide. 

Run 20 was similar to run 19 except that an inlet mole fraction of water of .021 was used instead 
of the carbon dioxide. The water was added by saturating the inlet gas stream through a bubbler 
assembly. As with run 19, no remarkable results were observed here. 

F, no work had previouly been done to determine 
the effect of temperature on the reactions. Run 14 was made at ambient temperature, and it was 
observed that no effects due to the lower temperature were present. All lulls subsequent to run 14 
were, therefore, made at ambient temperature. It was noted that, in fact, significant quantities of heat 
were generated and a stream of cooling water was passed through the reactor water jacket to maintain 
ambient conditions. Measurements of the temperature rise of the cooling water through the jacket and 
its flow rate were made on several occasions. Although the accuracy may be considered poor. it 
appears that a significant fraction of the input power to the system may be dissipated as heat. 

Because of the complete oxidation of a fraction of the methane to carbon dioxide, several experi- 
ments at lower increments of inlet oxygen concentration were made. The lowest concentration exam- 
ined was about 1 percent oxygen. In run 23, the inlet mole fraction of oxygen was .012. The power 
required to maintain the 8 kV field increased somewhat, to 377 Watts. The conversion of the methane 
decreased substantially to ,059, and the small amount of oxygen was about 49 percent converted. The 
yield of methanol remained near the standard value, about ,073. The yield of water was substantially 
reduced, to ,125, as might be expected with significantly less oxygen available. Interestingly, ethane 
now became a significant product from the methane. This would certainly indicate active methyl 
species participating in the reaction sequence. Another reactor configuration was used for one run, in 
which only the oxygen was passed through the reactor. This stream was then immediatlely mixed with 
methane to determine whether only active oxygen species, primarily ozone, might be the primary locus 
of the reactions. No reaction at all was observed in this case, and the literature on ozone chemistry 
agrees with the inability of ozone to significantly attack methane. Clearly the observed reactions indi- 
cate direct participation of active methane species. 

A last standard experiment was made with one half of the inner electmde plate area. The results 
indicated that, while conversions tracked the decrease in the area, the power did not decrease by 50 
percent. Thus, the inverse extrapolation for scale up would be that a 100 percent increase in the plate 
area, suitably configured, would result in a doubling of the quantities converted, but at less than a dou- 
bling of the power requirement, which is a favorable conclusion. The quantity of power used as "over- 
head" in the power supply was not determined. Attempts to measure the actual power used in the 
reactor field were unsuccessful, but it has already been mentioned that substantial heat was generated. 

In the recycle configuration, two experiments were made. The only difference between them was 
the recycle Row rate. The carbon dioxide absorber shown in Figure 2, was not used for these runs. 
For mn 29, the recycle flow rate, including make up gas, was 2.1 ymin, and for run 30, 1.0 b i n  was 
used. The composition of gas entering the reactor was .005 mole fraction oxygen, once the reaction 

Although the reactor was being heated to 155 
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had been underway for a short time. A material balance on the carbon and oxygen was made at the 
end of each run. The condensed products could only be removed after the system was shut down. 
The carbon balance was able to account for 73 percent of the carbon in the methane cumulatively pro- 
vided to the system, initially and during the run. At the end of a ninety minute run, for run 30, about 
112 millimoles of carbon, as methane, had been fed to the system, of which about 55 remained in the 
system or was lost in the GC bleed stream. About 2.6 millimoles of carbon went to produce ethane, 
about 4.7 as carbon dioxide and 5 as carbon monoxide. 15 millimoles of methanol were produced, but 
other organic compounds were not quantified and could be approximately 5 more millimoles. Thus, in 
this initial system configuration. approximately 13 to 17 percent of the methane used was converted to 
useful products. It may be that better material balances will enhance that figure to some extent. 

On line GC analysis of the gases showed that ethane increased to a maximum of 1.2 and 1.4 mil- 
limoles in the system for the two runs, with the lower recycle rate having the higher maximum. Both 
maxima occurred about 40 minutes into the run. afterwhich the concentrations both decreased by about 
0.2 millimoles at the end of the 90 minute runs. Ethane, therefore appears to exhibit an equilibrium 
behavior. The carbon monoxide produced showed an induction period for the first 20 minutes, then 
continued increasing until the end of the run. Both experiments had virtually the same amount of car- 
bon monoxide. Carbon dioxide increased linearly with time after also showing some induction during 
the first 20 minutes of the runs. However, the carbon dioxide produced at the higher recycle rate was 
significantly higher. At the end of the runs, the 2.1 Vmin recycle rate had produced 6 millimoles of 
carbon dioxide, while the lower recycle rate had produced 4.7. One might think that the shorter con- 
tact time of the higher recycle rate would serve to minimize larger extents of oxidation. 

The oxygen balance was able to account for 87 percent of the oxygen fed to the system. It might 
be noted that the oxygen conversion per pass was essentially 100 percent, and that higher inlet concen- 
trations might alter the results obtained. Of the 40 millimoles of oxygen provided during the run, 5 
appeared as carbon monoxide,'9.4 as carbon dioxide and 12 as water. Methanol accounted for 7.5 mil- 
limoles of the total. 

The most significant result of the recycle experiments was that the percent methanol in the liquid 
product increased from one percent in the single pass runs to 12 percent for the recycle runs. Water 
concentration also increased, however. 

Lastly, mention should be made that a number of other single pass experiments were conducted, 
both in search of other interesting reactions and in attempting to elucidate the reaction pathways of the 
methane-oxygen system. These runs were made at the standard conditions except that the species of 
the feed mixtures were altered. Mixtures examined were: carbon dioxide-methane, carbon monoxide- 
methane, hydrogen-nitrogen and carbon monoxide-hydrogen. Except for a trace amount of material 
produced from the carbon dioxide-methane mixture, no reactions were detected. 

SUMMARY 
The results from a number of scoping runs examining a number of variables have been presented 

for the oxidation of methane in an alternating electric field. Several features of these results point the 
way to further needed experiments to determine the possibilties for production of light organic oxygen- 
ates from this process. Fundamental studies to determine the mechanistic paths would also be useful to 
help focus further research on the optimal conditions for maximizing the yields of desirable products 
and for determining the economic potential of the process. 
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NICKEL SITE OF METHANE CATALYSIS I N  THE METHYL REDUCTASE ENZYME 
* * 

J. A. S h e l n u t t ,  A.  K. Shiemke, R. A. S c o t t  

Sandia,National L a b o r a t o r i e s ,  Albuquerque, NM 87185 

I n t r o d u c t i o n  

U n i v e r s i t y  o f  I l l i n o i s ,  Urbana, I L  61801 

Methy l  r e d u c t a s e  i s  t h e  enzyme o f  methanogenic b a c t e r i a  t h a t  c a t a l y z e s  t h e  
two-e lect ron r e d u c t i o n  o f  t h e  me thy l  group o f  2 - (me thy1 th io )e thanesu l fon i c  a c i d  
(methyl-S-CoM) t o  methane and HS-CoM (1,2). The me thy l  group o f  methyl-S-CoM 
u l t i m a t e l y  comes f r o m  t h e  s i x - e l e c t r o n  r e d u c t i o n  o f  CO by hydrogen, which a l s o  
p r o v i d e s  t h e  r e d u c i n g  e q u i v a l e n t s  needed by me thy l  red6ctase.  The n a t u r e  o f  t he  
c a t a l y t i c  s i t e  o f  m e t h y l  reductase i s  o f  c u r r e n t  i n t e r e s t  f rom the  p o i n t  o f  v iew 
o f  deve lop ing  b i o m i m e t i c  C1  c h e m i s t r i e s  d i r e c t e d  toward methane syn thes i s  and 
a c t i v a t i o n .  I n  p a r t i c u l a r ,  Sandia i s  u s i n g  m o l e c u l a r  g r a p h i c s  and energy 
o p t i m i z a t i o n  techn iques  t o  des ign  macromolecular  c a t a l y s t s  t h a t  mimic the  
s t r u c t u r e  o f  s i t e s  o f  p r o t e i n s  t h a t  c a r r y  o u t  C chemis t r y .  The goal  i s  t o  
produce c a t a l y s t s  whose f u n c t i o n  i s  t h e  o x i d a t i h n  o f  l ow  mo lecu la r  we igh t  
hydrocarbon gases t o  genera te  l i q u i d  f u e l s  o r ,  a l t e r n a t i v e l y ,  t h e  r e d u c t i o n  o f  
abundant i n o r g a n i c  resources  such as CO t o  genera te  gaseous f u e l s .  
U n f o r t u n a t e l y ,  t h e  c a t a l y t i c  s i t e s  o f  mgny o f  t h e  enzymes o f  i n t e r e s t ,  e. g .  
me thy l  reduc tase  and methane monooxygenase, have n o t  been c h a r a c t e r i z e d  by X-ray 
c r y s t a l  1 og raphy and o t h e r  s t r u c t u r a l  techniques . 

Wi th  t h e  goa l  o f  l e a r n i n g  more about  t h e  s t r u c t u r e  o f  one o f  t hese  n a t u r a l l y  
o c c u r r i n g  s i t e s  o f  C c h e m i s t r y ,  we have ob ta ined  t h e  f i r s t  resonance Raman 
s p e c t r a  o f  t h e  n i c k e i - m a c r o c y c l e ,  c a l l e d  F ( 1  i n  F i g u r e  l ) ,  a t  t h e  s i t e  o f  
c a t a l y s i s  i n  m e t h y l  reduc tase  (3) .  
s p e c t r a  o f  t h e  enzyme we have a l s o  ob ta ined  Raman s p e c t r a  o f  s o l u t i o n s  o f  t h e  
m a j o r  forms o f  F 
77 O K  and a l s o ,  @ 8 e r  s i m i l a r  s o l u t i o n  c o n d i t i o n s ,  s p e c t r a  o f  a n i c k e l - c o r p h i n o i d  
d e r i v a t i v e  ( 2  i n  F i g u r e  1 )  t h a t  i s  r e l a t e d  t o  F430 (3-5). 
s p e c t r a  o f  t h e  model n i c k e l - c o r p h i n o i d  2, t h e  F Raman s p e c t r a  c h a r a c t e r i z e  the  
c o o r d i n a t i o n  geometry  o f  t h e  n i c k e l ( I 1 )  i o n  i n  f 3 0  complexes i n  c o o r d i n a t i n g  and 
non-coord ina t i ng  s o l v e n t s .  
conce rn ing  macrocyc le  r u f f l i n g  i n  t h e  s o l u t i o n  complexes. A l though some 
conc lus ions  about  t h e  F s i t e  i n  me thy l  reductase can be made, the  s t r u c t u r e  o f  
F i n  t h e  p r o t e i n  envf?8nment i s  u n i q u e l y  d i f f e r e n t  f rom F430 and t h e  F430 
mif i81 compound i n  t h e  s o l u t i o n s  we have i n v e s t i g a t e d .  

To hel;f38s s t r u c t u r a l l y  i n t e r p r e t  t h e  Raman 

( s a l t - e x t r a c t e d  and c y t o s o l - f r e e )  a t  room temperature and a t  

By analogy w i t h  t h e  

I n  a d d i t i o n ,  t he  s p e 8 P a  g i v e  some i n f o r m a t i o n  

M a t e r i a l s  and Methods 

Methy l  reduc tase  was prepared and p u r i f i e d  as desc r ibed  p r e v i o u s l y  ( 6 ) .  
F was i s o l a t e d  i n  two forms. Free F was i s o l a t e d  f rom t h e  c y t o s o l  by 
m8Rods d e s c r i b e d  b e f o r e  ( 7 ) ;  F 
l i t h i u r n b r o m i d e  p rocedure  ( 6 ) .  41Re s t r u c t u r e  1 o f  s a l t - e x t r a c t e d  F 
determined ( 8 )  and i s  shown i n  F i g u r e  1. 
t o  F 
P f a l f j !  and A. F l s s l e r  ( 9 ) .  

10 mM phosphate a t  pH 7 were used f o r  o b t a i n i n g  resonance Raman spec t ra .  
o f  l i q u i d  s o l u t i o n s  were o b t a i n e d  u s i n g  a c y l i n d r i c a l  c e l l  p a r t i t i o n e d  i n t o  t w o  
compartments. 
r o t a t i n g  t h e  c e l l  a t  100 Hz so t h a t  t h e  two sample s o l u t i o n s  were a l t e r n a t e l y  
probed by t h e  l a s e r  r a d i a t i o n .  The Raman d i f f e r e n c e  i n s t r u m e n t a t i o n  used f o r  

was !%o e x t r a c t e d  f rom t h e  holoenzyme u s i n g  a 
has been 

A n i c k e l - c o r p h i n o i d  d e r i v % f v e  r e l a t e d  
and shown i n  2 o f  F i g u r e  1 was k i n d l y  p r o v i d e d  by A. Eschenmoser, A. 

Samples o f  each chromophore ( 2 - l O ~ l O - ~  M)  i n  aqueous s o l u t i o n  b u f f e r e d  w i t h  
S p e c t r a  

The s p e c t r a  o f  two samples were o b t a i n e d  s imu l taneous ly  by 
I 
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d e t e c t i o n  and s e p a r a t i o n  o f  t h e  s p e c t r a  o f  t h e  two samples has been d e s c r i b e d  
p r e v i o u s l y  (10). 
smoothed spec t ra .  
frequency of t h e  same Raman l i n e  i n  t h e  two s p e c t r a  i s  about 20.3 cm- . 
O c c a s i o n a l l y ,  t h e  s o l u t i o n  o f  F o r  t h e  c o r p h i n o i d  d e r i v a t i v e  was i n  one s i d e  
o f  t h e  c e l l  and t h e  r e f e r e n c e  s f 3 8  con ta ined  o n l y  t h e  n e a t  s o l v e n t .  
o f  t h e  s o l v e n t  Raman l i n e s  c o u l d  then  be a c c u r a t e l y  accomplished l e a v i n g  t h e  
spect rum o f  o n l y  t h e  s o l u t e .  

Raman s p e c t r a  a t  77 "K were n o t  o b t a i n e d  i n  t h e  Raman d i f f e r e n c e  mode, b u t  
s e p a r a t e l y  u s i n g  an EPR dewar w i t h  a t r a n s p a r e n t  t a i l  (Wilmad). The sample was 
con ta ined  i n  a 4 - m  NMR tube  and was f r o z e n  by p l u n g i n g  the  tube i n t o  l i q u i d  N E .  
R e p r o d u c i b i l i t y  i n  t h e  f requency o f  l i n e s  i n  these s p e c t r a  a re  about 1 cm- . 

Peak p o s i t i o n s  were o b t a i n e d  f rom t h e  fas t -Four ie r - t rans fo rm 
For  s p e c t r a  r u n  s imu l taneous ly  t h e  accuracy when cfmpar ing t h e  

S u b t r a c t i o n  

S igna l  averaged Raman s p e c t r a  were o b t a i n e d  us ing  the  441.6-nm l i n e  o f  a 
HeCd l a s e r  (Omnichrome) or t he  411.6-nm l i n e  o f  a k r y p t o n  i o n  l a s e r  (Coherent) .  
The s p e c t r a l  r e s o l u t i o n  was 4 cm- . Raman d i f f e r e n c e  s p e c t r a  were o b t a i n e d  u s i n g  
s tandard  90" s c a t t e r i n g  geometry: f o r  s p e c t r a  o f  f r o z e n  s o l u t i o n s  a 
b a c k s c a t t e r i n g  geometry was used. Absorp t i on  s p e c t r a  as w e l l  as i n d i v i d u a l  scans 
o f  t h e  Raman spect rum were used t o  m o n i t o r  sample i n t e g r i t y .  No decompos i t i on  o f  
F430 o r  t h e  n i c k e l - c o r p h i n o i d  model was observed. 

R e s u l t s  

F and the  model n i c k e l - c o r p h i n o i d  complexes have an a b s o r p t i o n  band i n  
t h e  41@840-nm r e g i o n  o f  t h e  v i s i b l e  spect rum ( 9 , l l ) .  
t h e  Raman spect rum u s i n g  441.6-nm o r  413.1-nm l a s e r  l i g h t  i s  near  t h e  v i s i b l e  
a b s o r p t i o n  band and, consequent ly ,  resonance enhancement o f  t h e  Raman s c a t t e r i n g  
occu rs .  I n  t h e  case o f  t h e  enzyme, resonance enhancement o f  t h e  chromophore's 
spect rum p e r m i t s  us t o  s e l e c t i v e l y  probe t h e  m a c r o c y c l i c  c o f a c t o r  w i t h o u t  
i n t e r f e r e n c e  f rom the  Raman spect rum o f  t h e  p r o t e i n  m a t r i x .  S t r u c t u r a l  d e t a i l s  
o f  t h e  F s i t e  i n  t h e  p r o t e i n  can then  be i n f e r r e d  f rom d i f f e r e n c e s  between t h e  
s p e c t r u m 4 8  prote in-bound F 
s o l u t i o n  env i ronments.  
r e g a r d l e s s  o f  t h e  p o s i t i o n  o f  t h e  l a s e r  wavelength r e l a t i v e  t o  t h e  a b s o r p t i o n  
band maximum o f  t h e  p a r t i c u l a r  complex. I n  f a c t ,  t h e  f requenc ies  and i n t e n s i t i e s  
o f  t h e  l i n e s  a re  so s i m i l a r  t h a t  t h e  corresponding l i n e s  i n  each o f  t h e  s p e c t r a  
can e a s i l y  be i d e n t i f i e d  as can be seen i n  F igu res  2-4. The F igu res  show t y p i c a l  
s p e c t r a  o f  s a l t - e x t r a c t e d  F430, c y t o s o l - f r e e  F430, and methy l  reduc tase .  

and a t  77 O K .  

a t  1293, -1380, 1534, and ( f r o m  o t h e r  Raman d a t a  n o t  shown) -1625 cm-'; t h e  
second f o r m  B has l i n e s  a t  h i g h e r  frequencies-1312, -1382, 1555, and 1629 cm-l. 
A t  low tempera tu re  fo rm A d isappears  and o n l y  B remains. 

l i n e s  a t  12@ 1387, 1529, and 1623 cm- 
b u t  d i s t i n c t  f rom t h e  co r respond ing  l i n e s  o f  t h e  A f o rm o f  s a l t - e x t r a c t e d  F . 
There i s  a l s o  some ev idence o f  a smal l  f r a c t i o n  o f  a fo rm w i t h  l i n e s  near  t%%e 
o f  t h e  B f o rm i n  t h e  weak shou lde rs  o f  t h e  h i g h  f requency l i n e s .  A t  low 
tempera tu re  t h i s  f o r m  i s  more fbundant as ev idenced by t h e  appearance o f  l i n e s  a t  
1311, 1378, 1546, and 1616 cm- t h a t  a r e  b a r e l y  n o t i c e a b l e  i n  t h e  room 
tempera tu re  spectrum. There i s  a l s o  ev idencel for  a second fo rm a t  l ow  
tempera tu re  i n  t h e  l i n e s  a t  1292 and 1628 cm- . 
n o t  t h e  same as t h e  one p resen t  a t  room t e m p e r a p r e  because t h e  1529-cm- l i n e  i s  
n o t  p r e s e n t  o r  e l s e  i s  s h i f t e d  t o  near 1546 cm- . 

Therefore,  e x c i t a t i o n  o f  

and t h e  s p e c t r a  o f  F complexes i n  v a r i o u s  
The4SBectra o f  a l l  o f  t h e  cd$lexes a re  somewhat s i m i l a r  

F i g u r e  2 shows t h e  Raman spect rum o f  L i B r - e x t r a c t e d  F a t  room temperature 
Two forms a re  p r e s e n t  a t  room temperature.  4 8 r m  A has Raman l i n e s  

F ree  F a t  room tempera tu re  i s  pyedominant ly  a s i n g l e  form w i t h  Raman 
( F i g u r e  3) .  The f requenc ies  are s i m i l a r  

I t  i s  c l e a r  t h a t  t h i s  fp rm i s  
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The Raman spec t rum o f  me thy l  reduc tase  a t  room temperature i s  markedly  
d i f f e r e n t  f r o m  b o t h  t h e  spect rum o f  s a l t - e x t r a c t e d  F and f r e e  F (Compare 
t h e  s p e c t r a  i n  F i g u r e  4 w i t h  t h e  co r respond ing  s p e c t # j 0 i n  F i g u r e s  g3&d 3.) 
F i r s t ,  t he  Raman l i n e s  a r e  c l e a r l y  much na r rower  t h a n  f o r  t h e  s o l u t i o n  F 
complexes. 
much h i g h e r  t h a n  t h e  c o r r e j p o n d i n g  l i n e s  o f  t h e  F 
1 i n e s  i n  t h e  1280-1400-cm- r e g i o n  o f  t h e  methyl-#&ctase spectrum have 
f r e q u e n c i e s  comparable t o  F430. 

a re  much s m a l l e r  t h a n  observed f o r  F ' n  s o l u t i o n .  I nc reases  i n  t h e  i n t e n s i t y  
o f  t h e  l i n e s  a t  1312, 1553, and 16324~#1-' i n d i c a t e  an enhanced f r a c t i o n  o f  a fo rm 
o f  F430 w i t h  f r e q u e n c i e s  c l o s e s t  t o  those o f  s a l t - e x t r a c t e d  F430 a t  77 OK. 

Second, f requenc ies  o f  t h e  two s t r o n g  l i n e s  a t  1575 and 16534~#1-1 a re  
species.  I n  c o n t r a s t ,  t h e  

D i f f e r e n c e s  between room tempera tu re  and 77-OK s p e c t r a  o f  me thy l  reduc tase  

D i s c u s s i o n  

Fo r  example, t h e  p i c k e l - c o r $ # n o i d  b i s -me than04~?omp lex  has seve ra l  lweak l i n e s  i n  
t h e  1280-1400-cm- r e g i o n  and two s t r o n g  l i n e s  a t  1556 and 1627 cm- (4) .  Thus, 
t h e  f requency o f  t h e  l i n e s  and t h e  i n t e n s i t i e s  a r e  s i m i l a r  f o r  F and the  model 
compound. 
g e n e r a l l y  a good s t r u c t u r a l  model f o r  F430 forms. 

s h i f t  s y s t e m a t i c a l l y  w i t h  i n c r e a s i n g  c o o r d i n a t i o n  numbyr ( 4 ) .  
s e p a r a t i o n  between t h e  two l i r e s  decreases f rom 93 cm- 
spec ie?  ( i n  CH C1 ) t o  84 cm- f o r  a 5-coord inate NCS- complex ( i n  CH C1 ) and t o  
7 1  cm- 
t h a t  a x i a l l y  l i g a t e ,  t h e  6 -coo rd ina te  s e p a r a t i o n  i s  found t o  be 71+3 cm- 
R u f f l i n g  o f  t h e  c o r p h i n a t e  macrocyc le  may a l s o  i n f l u e n c e  t h e  separa t i on  (vide 
i n f r a ) .  

i s  i n d i c a t i v e  o f  coo rd%t ion  number f o r  F 
t h a t  aqueous s a l t - e x t r a c t e d  F 1s  a m i x t i 8  o f  a dominate 6-coordinate-fomplex 
r e f e r r e d  t o  above as spec ies  b ? w i t h  a s e p a r a t i o n  o f  1629 - 1556 = 73 CT ) and a 
m ino r  4 -coo rd ina te  spec ies  A ( w i t h  a s e p a r a t i o n  o f  1625 - 1534 = 9 1  cm- ) .  
Indeed,  t h e  s e p a r a t i o n  v a r i e s  f rom 62-75 cm- f o r  F 6-coord inate complexes i n  
o t h e r  c o o r d i n a t i n g  s o l v e n t s  ( 5 ) .  
h igh -sp in  s p e c i e s  and a 4-coord inate S=O spec ies  i s  suppor ted by t h e  i n t e r m e d i a t e  
v a l u e  found f o r  t h e  magne t i c  moment (2 .0  pB f o r  F430 versus -2.8 f ie  p r e d i c t e d  f o r  
a pu re  S=1 s p e c i e s )  ( 1 2 ) .  

The a x i a l  l i g a n d s  a r e  p r o b a b l y  H O m o l e c u l e s  r a t h e r  than  some component l e f t  
bound t o  F a f t e r  e x t r a c t i o n  f rom t 6 e  p r o t e i n .  
would a c c o i i e  f o r  t h e  e q u i l i b r i u m  m i x t u r e  a t  room temperature.  
e q u i l i b r i u m  s h i f t s  ove rwhe lm ing ly  toward t h e  bis-aquo F430 complex. 

f o r  t h e  sa l t -ex t rac t$ !  form, s i n c e  a t  room tempera tu re  aqueous f r e e  F 43?s 
a lmos t  e n t i r e l y  a 4 -coo rd ina te  form. T h i s  c o n c l u s i o n  i? based on an dagerved 
s e p a r a t i o n  o f  t h e  s t r o n g  h i g h  f requency l i n e s  o f  94 cm- -a va lue  c l o s e  t o  t h e  
s e p a r a t i o n  f o r  t h e  4 -coo rd ina te  model compound 2. By comparison, i n  s t r o n g l y  
c o o r d i n a t i n g  s o l v e n t s  and i n  t h e  presence o f  Cy-, f r e e  F430 conver t s  t o  a 6- 
c o o r d i n a t e  f o r m  w i t h  a s e p a r a t i o n  o f  63-77 cm- 

Raman s p e c t r a  o f  t h e  F forms and t h e  F model compound 2 are  s i m i l a r .  

The s p e c t r a l  s i m i l a r i t i e s  i n d i c a t e  t h a t  t h e  n i c k e l  co8JRinoid 2 i s  

I n  p r e v i o u s  work i t  was no ted  t h a t  t h e  two s t r o n g  h i g h e s t  f requency l i n e s  
Fo r  example, t h e  

f o r  t h e  4-coord inate 

f o r  th6 6Zcoord ina te  MeOH complex. I n  f a c t ,  f o r  a v a r i e t y  o f Z s o f d e n t s  
( 5 ) .  

Sal t - e x t r a c t e d  F Assuming t h a t  t h e  s e p a r a t i o n  o f  t h e  two s t r o n g  l i n e s  
as w e l l  as t h e  model, we p r e d i c t  

The e x i s t e n c e  o f  %3#I ix ture o f  a 6-coord inate 

Water i s  a weak l i g a n d  which 
A t  77 "K t he  

Cy toso l - f ree  F . Water appears t o  be a poo re r  l i g a n d  f o r  f r e e  F t han  

(5). 
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A t  77 0 5  f r e e  F appears t o  be a m i x t u r e  o f  two f o p s  w i t h  l i n e s  a t  1616 
anc111628 cm- . The 4 $ p a r a t i o n s  o f  t h e  1616- and 1628-cm- l i n e s  f rom t h e  1546- 
cm l i n e  a r e  70 and 82 cm- f o r  t h e  two forms. EXAFS and XAS measurements a t  4 
O K  a r e  c o n s i s t e n t  w i t h  f r e e  F ( t h e  same as hea t -ex t rac ted  F ) e x i s t i n g  as a 
m i x t u r e  o f  p redominan t l y  a 4-!88rdinate, r u f f l e d  spec ies  w i t h  288rt Ni-N bonds 
(1.9 A )  and a m i n o r  6-coord inate,  p l a n a r  spec ies  w i t h  l o n g e r  Ni-N bonds ( 2 . 1  A )  
(12). 
cm s e p a r a t i o n  
species would t h e n  be t h e  more abundant 4-coord inate,  r u f f l e d  species.  A 5- 
c o o r d i n a t e  complex i s  u n l i k e l y  f o r  a n i c k e l  c o r p h i n a t e  i n  a c o o r d i n a t i n g  s o l v e n t  
where two a x i a l  l i g a n d s  would be r e a d i l y  a v a i l a b l e  and f o r m a t i o n  o f  t h e  6- 
c o o r d i n a t e  complex would be favored.  A l t e r n a t i v e l y ,  t h e  two species c o u l d  be 
d i f f e r e n t  r u f f l e d  spec ies ,  f o r  example, t h e  two species ob ta ined  by a 90 O 

r o t a t i o n  o f  t h e  sadd le  s t r u c t u r e  r e s u l t i n g  f rom S r u f f l i n g  and i n v e r s i o n  o f  t h e  
h a l f  c h a i r  con fo rma t ion  o f  t h e ' h y d r o p y r r o l i c  r i n g 4  (12,15). 

The Raman d a t a  i s  i n  agreement w i t h  t h i s  r e s u l t .  The s p e c i f s  w i t h  t h e  70- 
s e p a r a t i o n  i s  p robab ly  t h e  c o o r d i n a t e d  species and t h e  82-cm- 

Comparison o f  t h e  F forms. Eschenmoser and coworkers have suggested t h a t  
t h e  s o l e  d i f f e r e n c e  betwdg! f r e e  and s a l t - e x t r a c t e d  forms o f  F 
e p i m e r i z a t i o n  a t  p o s i t i o n s  12 and 13 i n  wh ich  t h e  hydrogen and4&boxyl ic  a c i d  
a t  each p o s i t i o n  exchange p l a c e s  (12 ) .  The s t r u c t u r a l  change a l s o  occurs upon 
h e a t i n g  s a l t - e x t r a c t e d  F o r  upon h e a t - e x t r a c t i o n  o f  F f rom methy l  
reductase.  The 12 ,13 -d i@her  o f  s a l t - e x t r a c t e d  F r e t 8 t s  i n  a c o r p h i n a t e  
s t r u c t u r e  t h a t  can undergo S f o r  s t e r i c  reasons. 
R u f f l i n g  a f f e c t s  a x i a l  l i g a t ? o n  because i t  a l l o w s  t h e  cent?# co re  o f  t h e  
macrocyc le t o  c o n t r a c t  about  t h e  n i c k e l  i o n .  Thus, s a l t - e x t r a c t e d  F i s  more 
c o o r d i n a t i v e l y  u n s a t u r a t e d  a t  t h e  n i c k e l  i o n  as a r e s u l t  o f  i t s  l a rg8g0core  s i z e ,  
and, t h e r e f o r e ,  has a h i g h e r  a f f i n i t y  f o r  a x i a l  l i g a n d s  than  f r e e  F430 wh ich  can 
e a s i l y  r u f f l e .  

The Raman r e s u l t s  a r e  i n  agreement w i t h  t h i s  s t r u c t u r a l  i n t e r p r e t a t i o n .  A t  
room tempera tu re  s a l t - e x t r a c t e d  F i s  m o s t l y  t h e  6-coord inate bis-H 0 complex, 
whereas f r e e  F 
F u r t h e r ,  t h e  f ? $ ? t i o n  o f  s a l t - e x t r a c t e d  F 
spect rum t h a t  i s  d i s t i n c t  f rom 4 - ~ o o r d i p a & ~ ~ f r e e  F 
f rgpuenc ies .  
cm 
rearrangement o f  t h e  s u b s t i t u e n t s  a t  t h e  12 and 13 p o s i t i o n s  o f  t h e  c o r p h i n o i d  
macrocyc le.  

most l i k e l y  a r e s u l t  o f  g r e a t e r  homogeneity a t  t h e  F s i t e  i n  t h e  p r o t e i n  
env i ronment  r e l a t i v e  t o  the  s o l u t i o n  env i ronment  o f  forms. T h i s  
i n d i c a t e s  a v e r y  s p e c i f i c  s t r u c t u r e  f o r  t h e  F430 s i t e  inF'!% p r o t e i n .  

I t  i s  a l s o  c l e a r  f rom t h e  l a r g e  d i f f e r e n c e s  i n  f requency t h a t  t he  
chromophore o r  i t s  env i ronment  i s  un ique  i n  some way. 
r e s u l t  o f  (1) a nove l  c o o r d i n a t i o n  geometry, ( 2 )  an unusual c o r p h i n a t e  l i g a n d  
conformat ion,  o r  ( 3 )  a d i f f e r e n c e  between t h e  s t r u c t u r e  o f  t h e  chromophore's 
p e r i p h e r a l  s u b s t i t u e n t s  i n  t h e  n a t i v e  p r o t e i n  and a f t e r  s a l t  e x t r a c t i o n .  We have 
observed t h a t  no oxygen, s u l f u r ,  o r  n i t r o g e n  l i g a n d  complex has come c l o s e  t o  
g i v i n g  t h e  f requenc ies  observed f o r  t h e  two s t r o n g  h i g h  f requency l i n e s  o f  me thy l  
reductase.  The s e p a r a t i o n  o f  (1653 - 1575 =) 78 cm- f o r  methy l  reduc tase  i s  
however compa t ib le  w i t h  e i t h e r  5- o r  6 -coo rd ina t i on  a l though  so f a r  no l i g a n d  

second and t h i r d  p o s s i b i l i t i e s  ment ioned above shou ld  n o t  be r u l e d  ou t .  

F430 i s  b e g i n n i n g  t o  make an appearance. 

i s  a d i -  

r u f f l i n g  more r e a d i l j 3 P h a n  F 

a t  room tempera&dPe i s  4-coord inate based on t h e  Ra&an r e s u l t s .  
t h a t  i s  4-coord inate has a Raman 

based on t h e  Raman l i n e  
Fo r  example, t h e  1534-cm- l i n e  o f  s 8 P - e x t r a c t e d  F i s  a t  1529 

f o r  t he  d iep imer .  T h i s  d i f f e r e n c e  i s  p robab ly  s o l e l y  the  r e t d ? t  o f  t h e  

Me thy l  reduc tase .  The na r row ing  o f  t h e  Raman l i n e s  o f  methy l  reduc tase  i s  

The uniqueness may be a 

I examined g i v e s  t h e  h i g h  f requenc ies  observed f o r  these Raman l i n e s .  Thus, t h e  

I A t  77 "K a f o r m  s i m i l a r  t o  t h e  aqueous 6-coord inate fo rm o f  s a l t - e x t r a c t e d  
A t  4 O K  t h e  N i  X-ray a b s o r p t i o n  edge i s  i 
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s i m i l a r  f o r .  m e t h y l  reduc tase  and s a l t - e x t r a c t e d  F ( 1 4 ) .  Thus, a t  4 O K  t h e  
s a l  t - e x t r a c t e d  F430 fo rm may predominate i n  t h e  p 8 8 e i n .  

Conclus ions 

The n i c k e l - t e t r a p y r r o l e  d e r i v a t i v e  i n  t h e  me thy l - reduc tase  enzyme r e s i d e s  i n  
a un ique p r o t e i n  env i ronment .  We have n o t  y e t  been a b l e  t o  f i n d  an e q u i v a l e n t  
s t r u c t u r e  f o r  F i n  s o l u t i o n  based on t h e  Raman spec t ra .  Never the less,  t h e  
Raman data s u g g d 8  t h a t  F i n  the  p r o t e i n  has a t  l e a s t  one a x i a l  l i g a n d  and 
occupies a s i t e  i n  t h e  p r 8 8 i n  w i t h  a l ow  degree o f  he te rogene i t y .  

The f r e e  f o r m  o f  F shows ev idence o f  r u f f l i n g  i n  t h a t  m u l t i p l e  forms a r e  
observed i n  t h e  l o w  tem$$Pature Raman spect rum and t h e  species cannot a l l  be 
a s c r i b e d  t o  a x i a l  l i g a n d  complexes. T h i s  low tempera tu re  behav io r  i s  a l s o  n o t e d  
f o r  t he  model n i c k e l - c o r p h i n o i d  i n  non -coo rd ina t i ng  s o l v e n t s  such as me thy lene  
c h l o r i d e  ( 5 ) .  On t h e  o t h e r  hand, s a l t - e x t r a c t e d  F shows no ev idence o f  
r u f f l i n g ,  b u t  d i s p l a y s  h i g h e r  a f f i n i t y  f o r  a x i a l  l?@nds than  t h e  d iep imer .  

I t  i s  t h o u g h t  t h a t  t h e  a x i a l  c o o r d i n a t i o n  s i t e s  o f  n i c k e l  may serve as a 
b i n d i n g  s i t e  f o r  methyl-S-CoM o r  perhaps t h e  me thy l  g roup  t h a t  i s  reduced t o  
methane i n  t h e  r e a c t i o n .  N i c k e l  c o r p h i n o i d s  a r e  known t o  have h i g h e r  a f f i n i t y  f o r  
a x i a l  l i g a n d s  t h a n  n i c k e l  p o r p h y r i n s  (15 )  and t h e  unusual a f f i n i t y  may p l a y  a 
r o l e  i n  methane c a t a l y s i s .  The n i c k e l  c o r p h i n o i d s  a l s o  e x h i b i t  d i f f e r e n t  
behav io r  i n  t h e  p h o t o l y s i s  o f  a x i a l  l i g a n d s  t h a n  t h e  n i c k e l  p o r p h y r i n s  (16) .  A 
N i ( 1 )  i n t e r m e d i a t e  may be i n v o l v e d  i n  t h e  r e d u c t i o n  o f  t h e  bound methy l  group t o  
methane ( 1 7 ) .  

proposed f o r  v i t a m i n  B (Co-corr in)  enzymes i n v o l v e d  i n  b i o l o g i c a l  methy l -  
t r a n s f e r  r e a c t i o n s  (18:?9). I n  these r e a c t i o n s  an a x i a l  Co-CH3 complex i s  known 
t o  be an i n t e r m e d i a t e .  E f f o r t s  t o  f u r t h e r  e l u c i d a t e  t h e  r o l e s  o f  a x i a l  l i g a t i o n  
and macrocyc le f l e x i b i l i t y  i n  t h e  c a t a l y t i c  p r o p e r t i e s  o f  F i n  me thy l  
reduc tase  a r e  c o n t i n u i n g  u s i n g  resonance Raman and transienf3Raman spec t roscop ic  
techniques.  

Macrocyc le f l e x i b i l i t y  may a l s o  p l a y  a r o l e  i n  methane c a t a l y s i s  as has been 
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C N  

1 2 

F i g .  1. S t r u c t u r e s  o f  F430 (1) and t h e  model n i c k e l - c o r p h i n o i d  d e r i v a t i v e  (2) 

LlBr EXTRACTED F430 
1556 

A 44 1.6 nm 

1280 1360 1440 1520 1600 1680 

FREQUENCY (cm-') 

F i g .  2. Resonance Raman spectrum o f  s a l t - e x t r a c t e d  F 
( t o p )  and a t  77 OK (bo t tom)  i n  aqueous 10 mM4@osphate b u f f e r .  

a t  room tempera ture  
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THE TESTING OF CATALYSTS FOR ALKANE ACTIVATION* 

Frances V. Stoh l ,  John A. S h e l n u t t ,  
Barry Granoff and Daniel  E. Trudel l  

Sandia  Nat iona l  Labora tor ies ,  Albuquerque, NM 87185 

In t roduc t ion  

Low o i l  p r i c e s  have caused a dec rease  i n  t h e  exp lo ra t ion  f o r  and 
development of  new o i l  r e s e r v e s  i n  t h e  United S t a t e s .  This ,  combined 
with an  i n c r e a s e  i n  U.S. o i l  consumption, h a s  r e s u l t e d  i n  an 
increased  dependence on fo re ign  o i l .  I n  June 1986, 40% of t h e  o i l  
used i n  t h e  U . S .  was suppl ied  by fo re ign  sources  a s  compared t o  32% 
i n  1983 (1); it is l i k e l y  t h a t  t h i s  dependence on fo re ign  o i l  w i l l  
cont inue  t o  i n c r e a s e .  This  l eaves  t h e  U.S. vu lne rab le  t o  sudden, 
d r a s t i c  f l u c t u a t i o n s  i n  our  l i q u i d  f u e l  supply.  To minimize t h i s  
dependence on f o r e i g n  o i l ,  it is  necessary  t o  f i n d  new sources  f o r  
l i q u i d  f u e l s .  One p o t e n t i a l  new source  is methane, which makes up 
about 90% of n a t u r a l  gas .  Methane can be p a r t i a l l y  oxid ized  t o  
a lcohol  t h a t  cou ld  be used d i r e c t l y  a s  l i q u i d  f u e l  o r  converted t o  
gaso l ine  by Mobi l ' s  methanol t o  g a s o l i n e  process  (2). Economic 
ana lyses  ( 3 )  of p o t e n t i a l  p rocesses  f o r  t h e  convers ion  of methane t o  
l i q u i d  f u e l  have shown t h a t  t h e  use  of  p a r t i a l  ox ida t ion  t o  form 
methanol, i n  c o n t r a s t  t o  e x i s t i n g  convent iona l  methods of forming 
methanol from syngas,  could  make a methane t o  g a s o l i n e  p rocess  
economically f e a s i b l e .  Research i s  needed, however, t o  f i n d  c a t a l y s t s  
t h a t  are capab le  of  ox id i z ing  methane t o  methanol w i t h  h igh  
convers ions  and h i g h  s e l e c t i v i t i e s .  

oxide c a t a l y s t s  a t  h igh  tempera tures  and p res su res  (4-6).  These 
s t u d i e s  have shown t h a t  c a t a l y t i c  ox ida t ion  o f  methane t o  methanol is 
poss ib l e ,  b u t  convers ion  and s e l e c t i v i t y  are low. Liu ,  e t .  a l .  ( 7 )  
have shown t h a t  M o  suppor ted  on silica is an e f f e c t i v e  c a t a l y s t  f o r  
t h e  p a r t i a l  o x i d a t i o n  of methane t o  methanol and formaldehyde when 
n i t r o u s  ox ide  is p r e s e n t  a s  the oxidant .  A t  a conversion l e v e l  of 3%, 
t h e  combined s e l e c t i v i t y  t o  CH OH and HCHO w a s  78%, wi th  CO be ing  t h e  
p r i n c i p a l  o t h e r  pgoduct. Using3Li-doped MgO a t  a tempera ture  of 
approximately 500 C, D r i S C O l l ,  e t .  a l .  (8)  were a b l e  t o  show t h a t  
methyl r a d i c a l s  w e r e  formed when methane was passed over t h e  su r face  
of t h i s  c a t a l y s t .  The su r face  methoxide ions  were conver ted  t o  

Most work performed on.methane p a r t i a l  ox ida t ion  has  used metal  

methanol by  r e a c t i n g  wi th  water  i n  t h e  system. The mechanism was 
similar to  t h e  one  proposed f o r  t h e  p a r t i a l  ox ida t ion  of CH4 over a 
Mo/SiO, c a t a l y s t  171. 

' Wafson a n i  P a r s h a l l  (9-11) have r epor t ed  t h a t  organolanthanide  
complexes can  react w i t h  t h e  C-H bond as shown by i s o t o p e  exchange 
r eac t ions  us ing  l a b e l e d  methane. I n  t h i s  case ,  t h e  c a t a l y s t  was a 
d icyc lopentadienyl  methyllutetium compound. It w a s  proposed t h a t  an 
e l e c t r o p h i l i c  r e a c t i o n  took  p l ace  between methane and t h e  e l ec t ron -  
d e f i c i e n t  l a n t h a n i d e  complex. 

conver t  a lkanes  i n t o  hydridoalkylmetal  complexes, and t h a t  t h e  
i n s e r t i o n  r e a c t i o n  proceeds through a th ree -cen te r  t r a n s i t i o n  s t a t e .  

* This  work suppor ted  by t h e  U . S .  Dept. of Energy a t  Sandia Nat iona l  
Labora to r i e s  under Cont rac t  DE-AC04-76DP00789. 

Janowicz, e t .  a l .  ( 1 2 )  have shown t h a t  a n  i r i d ium complex can 
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The hydrido products can then be converted to functionalized alkyl 
halides by treatment with mercuric chloride followed by halogens. 
Analogous rhodium complexes were shown to undergo similar C-H 
insertions, but the products were less stable than with the iridium 
complexes (12). Jones and Feher (13,14) have also shown that alkane 
C-H bonds can be activated by homogeneous Rh(1) compounds. 

via a monooxygenase enzyme (15). Organisms capable of utilizing 
methane as their sole carbon and energy source are called 
methanotrophs. In the organism Methylococcus capsulatus, the 
monooxygenase enzyme has been shown to be capable of utilizing a 
variety of alkanes, alkenes, ethers, alicyclic compounds, etc. (15). 
The soluble methane monooxygenase from M. capsulatus was resolved 
into three fractions by ion exchange chromatography, but the 
molecular structures are unknown. 

Several other naturally occurring enzymes, such as cytochrome 
P450 (16), can also catalyze the conversion of alkanes to alcohols at 
low temperatures and pressures. In an attempt to mimic the activity 
of these enzymes, we have initiated a program to tailor-make 
catalysts for the direct conversion of methane to methanol. Our work 
focuses on the use of metalloporphyrins, and relies on computer-aided 
design to guide the synthesis of novel catalytic materials. The 
molecular design techniques are being combined with structural 
studies (17) of biological catalysts to identify the important 
characteristics of the active site, the development of activity and 
selectivity tests to determine structure-activity relationships, and 
the synthesis of designed catalysts. 

Porphyrins are being used because they are present in enzymes 
that perform C chemistry (methyl reductase, methyl transferase), 
have versatilelstructures that can be controlled, and can be 
synthesized with many different metals. Porphyrins have also shown 
significant activity for oxidation of long chain alkanes (C5+) 
(18,19). 

The objective of this paper is to describe the catalyst activity 
and selectivity tests we are developing and to report on the results 
of testing several commercially available porphyrins. To get 
structure-activity relationships, it is necessary to develop several 
different activity tests using alkanes with varying chain lengths. We 
started with a cyclohexane test using previously reported conditions 
(20) so that our results could be compared to literature results. 
Additional tests we have developed to date use hexane and butane as 
reactants. In the future, tests will be developed using ethane and 
methane as reactants. 

Methane can be selectively converted to methanol biochemically 

Experimental Procedures 

Materials 
The catalysts used in this work included iron tetraphenyl 

porphyrin (FeTPPCl), manganese tetraphenyl porphyrin (MnTPPCl) and 
iron pentafluorophenyl porphyrin (FeTF PPC1). The first two catalysts 
were obtained from Porphyrin Products 2nd the third from Aldrich. 
Methylene chloride (99+%) was used as the solvent in all tests. The 
oxidant was iodosylbenzene (C H IO) prepared from the reaction of 
iodosobenzene diacetate with Ba%H (21). The alkanes used for the 
various tests were cyclohexane (99+%), hexane (99%), and butane 
(99.5%). 
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Reaction conditions 
Reactions with cyclohexane and hexane were performed in the 

liquid phase in an argon atmosphere glove-Qox. Each run had 1.4 cm3 
solvent and 0.6 cm3 cyclohexane (or 0.7 cm 
reactant:oxidant:catalyst was 1100:20:1 ( 2 0 )  on a mole basis. These 
reactions were Carrie$ out at atmospheric pressure and ambient 
temperature (about 30 C in the glove-box) for 2 hours. Reactants were 
stirred at 1000 rpm. 

bubbling butane at a flow rate of about 12 cm /min through a solution 
containing 2 cm3 methylene chloride, 0.005 mmol catalyst, and 
0.1 mmol oxidant. A condenser was attached to the reactor to minimize 
tge loss of methylene chloride. The condenser temperature was set at 
7 C so that butane condensation did not occur. At this temperature, 
small quantities of methylene choride vaporized so that additional 
solvent was added during thg run to maintain constant volume. The 
reaction temperature was 19 C. After 6 hours, the flow of butane was 
stopped, the pressure gradually released, and the excess butane was 
allowed to outgas from the methylene chloride prior to analysis of 
the products. 

Product Analyses 
Oxidation products were identified using GC/MS techniques and 

quantified using capillary column gas chromatographic techniques with 
commercially available compounds as standards. Product yields are 
reported on the basis of the amount of oxidant added to the reactor. 

Catalyst Characterization 

were taken of both as received and used porphyrins to determine if 
any degradation of the porphyrin occurred during reaction. 

hexane). The ratio of 

The oxidation of butane was carried out ugder 5 psig pressure by 

The porphyrins were analyzed using W-vis spectroscopy. Spectra 

Results and Discussion 

Cyclohexane tests were run first in order to compare our results 
with published values (20). Initial runs used FeTPPC1. Tests with 
iodosylbenzene, prepared using previously reported procedures (21), 
resulted in low cyclohexanol yields, which were thought to be due to 
a high concentration of contaminants in the oxidant. Infrared (IR) 
spectra of the oxidant showed the presence of iodobenzene (c H I). 
Other phases could not be identified. Extensive cleaning usifig5water 
and chloroform was carried out: the IR pattern of the product showed 
a significant decrease in the amount of iodobenzene present. The 
results we obtained for FeTPPCl and FeTF PPCl with this purified 
batch of oxidant are shown in Table 1. TI?e reported cyclohexanol 
yields (20) were 10.1% for FeTPPCl and 66.6% for FeTF PPC1. Our 
yields for both porphyrins are significantly higher tI?an the 
literature values suggesting that we may have prepared a purer 
oxidant. 

An additional test performed with MnTPPCl showed a much greater 
cyclohexanol yield than obtained with FeTPPC1. UV-vis analyses of the 
three catalysts before and after reaction showed that the FeTPPCl 
degraded during reaction, whereas the FeTF PPCl and MnTPPCl showed no 
significant degradation. The extent of FeT%PCl degradation and the 
cyclohexanol yield from the run with FeTPPCl as a function of time 
are shown in Figures 1 and 2. A comparison of the results in these 
two figures indicates that some reaction still occurred even after 
the porphyrin was completely degraded. A test carried out with 
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reactant, oxidant and solvent, but no porphyrin, did not yield any 
cyclohexanol. This indicates that the iron species resulting from the 
degradation had some activity. The cause of the higher activity of 
MnTPPCl as compared to FeTPPCl is not definitively known. It could be 
entirely due to the degradation of the FeTPPCl or could be partially 
due to FeTPPCl degradation and partially due to differences in the 
activities of the two metals. This cannot be proven from these runs. 
Additional studies are being performed to determine the effects of 
different metals on catalyst activity. 

the replacement of hydrogens with fluorines on the phenyl rkgs . 
Steric and electronic effects of the fluorines prevent catalyst 
degradation to produce a more stable catalyst. The fluorines may also 
cause the catalyst to be more active (20). Runs with MnTPPCl and 
FeTF PPCl that were carried out for about 16 hrs did not show any 
incr2ase in yield beyond the first two hours, suggesting that the 
reactions might be limited by the amount of oxidant remaining. It has 
been suggested (20) that the oxidant can be further oxidized by an 
Fe-oxygen intermediate species of the porphyrin to give iodoxybenzene 
(C H IO ) during these reactions. The iodoxybenzene is not an 
oxfdsnt? We are currently performing studies to determine the fate of 
the iodosylbenzene in these reactions. 

conditions as with cyclohexane so that yields could be compared. 
Results for this test are shown in Table 1. The total hexanol yield 
is lower than the total cyclohexanol yield under the same conditions. 
The hexanol from the run with FeTF PPCl consists of 1% 1-hexanol, 28% 
2-hexanol and 27% 3-hexanol. These5results show that selectivity to 
the 1-hexanol is very low and the total yield has decreased in going 
from the cyclic compound to the straight chain. The decrease in the 
yield of the 2- plus 3- alcohols in the hexane run, as compared to 
the cyclohexanol yield with the same catalyst, is proportional to the 
number of methylene groups. Hexane has 4 secondary carbons whereas 
cyclohexane has 6, and the yield of 2- plus 3- hexanols is 2/3 of the 

The main structural difference between FeTPPCl and FeTF PPCl is 

Activity testing with hexane was performed under the same 

yield of cyclohexanol. 

2-butanol and 1% 1-butanol. The concentration of butane in the 
The run with butane yielded 35% butanol consisting of 34% 

methylene chloride under the test conditions was measured using Raman 
spectroscopy. The results showed that there was about 8% butane (on a 
mole basis). This is significantly lower than the 20% hydrocarbon 
present in the reactions with cyclohexane or hexane. The results of 
the tests with cyclohexane and hexane cannot be directly compared to 
the results of the butane tests because of the lower reactant 
concentration and the differences in reaction times and temperatures. 
Therefore, additional testing is being carried out to enable this 
comparison. 

Conclusions 

The results of the cyclohexane tests carried out for longer times 
indicate that it is necessary to determine what happens to the 
oxidant during the reaction, since the results suggest that oxidant 
is depleted even at low alcohol yields. If a more effective oxidant 
is found, yields should be significantly higher. The results with 
butane suggest that we may have a good test procedure for use with 
shorter chain alkanes. To be able to compare results from tests using 
cyclohexane and hexane to butane (and to future tests with ethane and 
methane), it will be necessary to determine the effects of different 
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r e a c t a n t  c o n c e n t r a t i o n s  and d i f f e r e n t  reaction t i m e s  and 
t empera tu res .  
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Table 1. Yie lds  o f  a l c o h o l s  r e p o r t e d  as  a p e r c e n t  of  t h e  i n i t i a l  
ox idant  i n p u t  t o  t h e  reactor. 

TOTAL 1-ALC* 2-ALC 3-ALC 
REACTANT CATALYST Y I E L D Y I E L D Y I E L D Y I E L D  

Cyclohexane FeTPPCl 14 
MnTPPCl 42 
FeTF5PPC1 84 

Hexane FeTF5PPC1 56 1 28 27 

B u t a n e  FeTF5PPC1 35 1 34 

* ALC = a lcohol .  
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Figure 1. Comparison of UV-vis spectra of FeTPPCl (STD) with catalyst 
removed (at 3 times) from a reaction with cyclohexane. 
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Figure 2. Cyclohexanol yield v s .  run time. Catalyst = FeTPPC1. 0 = 
samples pulled from reaction using a syringe (manual 
injection into GC). + = sample removed from reactor after 
end of run (automatic injection into GC). 
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Au(ANE ACTIVATION BY OXIDE-SUPPORTED ORCANORHODIUM COMPLEXES 
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Rinceton University 
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INTRODUCTION 
.Homogeneous' catalysis. or catalysis by discrete, soluble transition metal 

complexes. is dominated by studies of such species in .soft' ligand environments 
<e.&. consisting of phosphines, sulfides or carbonyls). Historically, one focus 
of research in this field has been the elucidation of changes in reactivity of a 
complex which are effected by subtle modification of the ligand environment of the 
metallic center. 
ligand environment affects the reactivity of a metal system bound to it; 
specifically, we aim to elucidate changes in rules of molecular reactivity which 
occur when the .soft" ligand environment of a transition metal complex is replaced 
by a "hard", oxygen-based one. In this context, solid metallic oxides were chosen 

It is of interest to us to determine how a gross change in this 

to provide this oxygen-based ligation. I 

THE CHEMISTRY OF OXIDE-BOUND RHODIvM(ALLYL)COMPLS 
We chose to focus our attention' on the chemistry of oxide-ligated rhodium 

complexes, given the many interesting and important reactions which exist for this 
metal in "classical", .soft-ligand"-based homogeneous catalysis. In our work we 
have used a variety of chemical and spectroscopic procedures to characterize our 
complexes. 

Tris(ally1)rhodium reacts w i t h  hydroxyl groups of silica with evolution of 1 
cquiv of propylene to give Rh(II1) species [SiO]Rh(allyl)~. 1. (We use the 
terminology g[SiO]" simply to indicate covalent bonding between the oxide and the 
metal. 
of EXAFS studies suggest that several oxygen atom of the support interact with a 
given rhodium center.) 

Details of this interaction are not yet known. although preliminary results 

% 
(OIIYI) MI dR?d on .[sI]-o$ 

-r 
F P A 1 1  

1 

During this time 1 eq of Hydrogen reacts slowly with 1 a t  room temperature. 
propane is evolved. 
propane thus obtained and these data are consistent. stoichiometrically. with the 
formation of [SiO]Rh(allyl)H, 2. 
absorptions attributable to the allyl and hydride ligands (Y&-H - 2010 cm-' ; 
weaker absorption at 1800 cm-1). 
deposition has occurred (1 .e. before formation of 1 is complete) tris(ally1)rhodium 
adsorbed on the oxide rapidly reacts to give a black material which shows no 
infrared transmission. and which may be rhodium metal. 

Hydrogen uptake measurements correlate with the amount of 

The infrared spectrum of 2 shows strong 

If hydrogenation is attempted befoce chemical 

1 w' =w 1 
c 

A series of XF'S experiments was performed on 2 to corroborate its assignment. 

I A single Rh species was found with an oxidation potential at 308.0 eV (Rh 3d 5/2 
Si 2p). Thermolysis of this material at 400' followed by XPS analysis revealed 

4 
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that rhodium metal had been formed (oxidation potential at 307.25 e"). 
obtained for 2 falls outside a range of values (308.4 eV to 311.3 eV) which has 
been determined for Rh(1II) salts, a range which overlaps vith that for typical 
&(I) complexes (307.6 eV to 309.6 eV).  
complexes, however, must be interpreted vith caution: although 2 is formally a 
complex of Ifh(II1). actual positive charge build-up on the metal in this 
hydride-ligated species may be quite low. 

the oxide support, procedures were developed2 for vapor phase deposition of 
tris(ally1)rhodium onto single crystal hydroxylated Ti02 in ultra-high vacuum; 
deposition and a subsequent hydrogenolysls procedure vere investigated through a 
series of UPS measurements made on the surface oxygens of the oxide. 
demonstrated that attachment of the bis(ally1)rhodium moiety to Ti02 vas associated 
vith a removal of electron density from the ourface oxygens, consistent vitb the 
notion that this moiety is a strong electrophile (perhaps stronger than proton). 
Replacement of one of the allyl ligands by hydride revealed by UPS a build-up of 
charge on the surface oxygens. 
toward rhodium, mentioned 
these UPS results. 
of other ligand changes in the coordinetion sphere of the rhodium demonstrate the 

XPS data 

XPS data for covalent organometallic 

To further probe the nature of the interaction between the metal complex and 

These 

Thus the role of hydride 8s a strong donor ligand 
above in discussions of XPS analyses. is corroborated by 

Variation in binding energies for surface oxygens as a function 

coval 
apparel 

Y IE 

l a k e  of the interaction betveen the metal complex and the oxide. which 
I behaves as a conventiona' 'donor" ligand. 

Ve suggest that coordinatlvely unsaturated 1 is electrophilic in its 
reactivity. Activation of H2 has been observed by aqueous Rh(II1) and by numerous 
metal oxides. In these cases, the concept of 'heterolytic" activation of hydrogen 
has been developed; the coordinatively unsaturated metal conter acts as a sink for 

proton. When 2 is exposed to D 2 ,  H-D exchange between the atmosphere and residual 
hydroxyl groups of the silica support is observed, consistent wlth the notion that 
in the presence of 2 H z  or D2 act as e source of H +  or D'. Complex 2 also 
catalyzes rapid (< 1 min) equilibration of 50:50 H z - D ~  mixture at room temperature. 

, and a base in the environment of the metal center stabilizes the released "H -. 
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ACTIVATION OF ALKANES 
Simple alkanes are conceptual analogs of dihydrogen in ths 

4 HD 

they both I mld - -  
able to-form a two center. three electron bond with an unsaturated metal center 
utilizing electron pairs in bonding u orbitals: analogous intramolecular C-H bond 
coordination is now well established experimentally and has been calculated to be 

*I/ 

4- ,H 6- 
H - d  *, 6* n--\ 6* 

'H H 
facile intermolecularly. 
their reaction in the presence of D2 gas. 
was used to catalyze this process between ethane, for example, and Dp (see entry 
1). 
hrs) gave a black species which showed no infrared absorptions attributable to Rh-H 
stretching modes. 
was different from that of 2: whereas 2 gives rise to a distribution of deuterated 
ethanes relatively high in dl- and low in dg-ethane, this other black substance 
gives rise to a bimodal pattern showing a high degree of d6-ethane relative to dl 
(see entry 2). 
XPS analysis) and, therefore, we compared this black material with rhodium on 
silica obtained by conventional methods. Interestingly, rhodium on silica thus 
prepared behaves in a fashion similar to that noted for the pyrolysate (see entries 
3 and 4). 

To probe interactions between alkanes and 2, we studied 
Sequential H-D exchange occurred when 2 

Decomposition of 2 (heating at 400' under one atmosphere of hydrogen for 4 

This species showed catalytic activity for H-D exchange which 

We had noted that simple thermolysis of 2 yields rhodium metal (by 

(1) -Pb(.lly1)B/SiOz 
(2) Ib/Sioz preparul frm 

(3) pb/SiOz prepared from IbC13 

(4) Ib/Si02 pnpand from =Cl3 

-Bh(allJl)a/sio2 at 400.. 1 at. az 

(aquo\u). 400.. 1 atm nz 

(IStb.nc.1). UO.. 1 i m  n2 
(5) Ibmr prepared Inn r I h ( d l Y 1 ) p .  

tamp.. 1 atm az 
(6 )  pb f i l m  

c 4 4 + + +  
ACTIVATION OF METHANE 
We proposed that methane could be activated by an intramolecular ligand 

rearrangement route from a two-electron, three-centered intermediate analogous to 
that one proposed for activation of H2, and we have demonstrated that methane can 
replace hydrogen in the hydrogen activation step shown in Scheme 2. For example, 
when 1 is treated with H2 2 results: similarly we found that when 1 was treated 
with methane, a mixture of hydride complexes 2 and 5 were obtained. Hydrogen also 
reacts with hydridochloride complex 3 to give dihydride 4, and therefore 3 was 
treated with methane. 
equiv): activation of methane was confirmed by use of l3CHl. Here, .infrared 
analysis performed on rhodium-containing materials showed the presence of dihydride 
4, and broadened absorption centered at 2040 cm-' suggested that 4 could be 
contaminatd with another hydride species, perhaps a (methyl)rhodium(hydride) 
complex 6; (for the analogous[SiO]Rh(H)Bu, Y % - H  - 2010 cm-'). 
material ( 6 )  was treated with chlorine, methyl chloride was obtained (0.2 equiv) . 
These observations can be explained3 by the sequences shown below. 

This results in the formation of methyl chloride (0.85 

Indeed when this 
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OXIDE-DEPENDENT DEPOSITION AGGREGATION 
Although we had noted that a variety of oxides could be used for chemical 

attachment of organorhodium complexes, we had not originally studied how variation 
in the oxide itself affects the structure or reactivity of complexes bound thereto, 
and deposition control was attained only by adjustine total content of hydroxyl 
groups on the oxide. 
might vary of reactive hydroxyl groups on oxides of different structure, although 
this distribution of reactive sites would control deposition of one equivalent of 
an organometallic with regard to another. 
commonly used oxides, in general, for chemical attachment to reactive 
organometallic complexes, and we found4 that an interesting oxide-dependent 
deposition phenomenon distinguishes these two materials: 
utilize samples containing a large excess of acidic hydroxyl groups relative to 
total rhodium deposited, we note that for silica, deposition of rhodium complexes 
occurs selectively to generate dimers; on alumina (of comparable total acidity) 

The subtle notion was not considered that relative locations 

Silica and alumina are among the most 

although for both we 

monomers are formed. 
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. Rhodium carbonyl compounds b o n d  to silica are not structurally stable under 
hydrogen'. 
carbonyl compounds formed on deposition and after subsequent treatment vith H2. 
Specifically. we note a relative decrease in intensity attributable to terminal 
carbonyl ligation and an increase in intensity attributable to bridging or 'semi- 
bridging. carbonyl group.. note that rhodium hydride species (2 or 4) on 
silica are also structually unstable under Hz with regard to clusterification. 
When these reactions vere followed by infrared spectroscopy evidence was obtained 
for the presence of intermediary molecular hydrogen adducts. hus, although it is 
8 commonly held assumption that degradation under hydrogen of catalytically ac ive 
complexes to metallic particles occurs first by reduction of the complex to the 
metal and then by aggragation, our data suggest that a complementary route, namely 
aggregation followed by degradation, must also be considered. 
note that dihydrido or dicarbonyl complexes of rhodium bound to either alumina or 
titanium dioxide do not demonstrate any evidence for analogous clusterification 
under Hz. Cl'early the surface properties of all of these oxides muat be better 
elucidated to understand differences in reactivity imparted to the covalently bound 
complexes by their various oxide ligands. 

This can be demonstrated by noting changes in the infrared spectrum of 

We 

It is interesting to 

1. Alkane Activation by Oxide-Bound Organorhodium Complexes. Schwartz. J. 
Acc. Chem. Res. , 1985, 18 .  302-308. and references cited therein. 

2. Investigation of a Model Catalytic System in Ultrahigh vacuum: The 
Adsorption of Bh(ally1)~ on thp Ti02 (001) Surface, Smith, P.; 
Bernasek. S. L.; Schvartz, J.; McNulty. G. S. J .  Am. Chem. SOC. 1986, 
108, 5654-5655. 

3. Activation of Alkanes by Oxide-Supported Organorhodium Complexes, 
Kitaj ima.  El.; Schvartz, J. Proceedings of the Fourth International 
Spposium on Homogeneous Catalysis - Fundamental 
Homogeneous Catalysis. Volume III, 1986. 1003-1014. 

Research in 

4 .  Oxide-Dependent Deposition and H2-Promoted Aggregation of Organo- 
rhodium Complexes, McNulty, G. S.; Cannon, K.; Schvartz, J. Inorg, 
C h m .  1986. 25. 2919-2922. 
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Activation of Methane on Iron, Nickel, and Platinum Surfaces. 
A Molecular Orbital Study 

Alfred B. Anderson and John J. Maloney 

Cleveland, Ohio 44106 
Chemistry Department, Case Western Reserve University 

The activation of alkane CH bonds is the first step in hydrogen- 
olysis and oxidation catalysis. It is clear from simple consideration 
of metal-hydrogen bond strengths (?250kJ/mol) and CH bond strengths 
(434 kJ/mol for breaking the first CH bond in methane) that oxidative 
addition and not hydrogen atom abstraction will be the route followed 
on metal surfaces. In contrast, 0- defect centers at oxide surfaces 
do abstract hydrogen atoms from methane, forming gas phase methyl 
radicals (1). The greater strength of an OH bond over a CH bond 
allows this to happen; a molecular orbital analysis has been published 
recently (2). Though kinetic studies of alkane reactions on metal 
surfaces are large in number, little is known about catalyst surface 
composition and structure or the structure and electronic factors 
responsible for CH activation by metals. The purpose of the present 
work is to explore mechanisms, activation energies, and orbital inter- 
actions associated with the oxidative addition of a methane CH bond to 
several idealized clean transition metal surfaces. 

The metals chosen for our theoretical exploration, iron, nickel, 
and platinum, have been the topics of several systematic methane 
catalysis and surface science studies in recent years. A theoretical 
study of the oxidative addition of methane to an iron surface 
indicated the reaction was exothermic with an activation energy 
barrier of roughly 88 kJ/mol (3). In that study, low barriers were 
also found for dehydrogenation of CHx (x=  1-3) fragments and this is 
reflected in the ability of iron particles to catalyze the high tem- 
perature pyrolysis of natural gas to graphite fibers as studied 
recently by Tibbetts (4). Early work using iron surfaces was unsuc- 
cessful in yielding activation energies, probably because contaminants 
lowered the activity (5). 

In the case of nickel, activation energies are higher on single 
crystal surfaces than on films and supported metal particles. Esti- 
mates are 88 kJ/mol on Ni(ll0) ( 6 ) ,  71 kJ/mol on Ni(ll1) ( 7 ) ,  and 0 
(8) and 30 (9) kJ/mol on Ni(100). On a Ni film 42 kJ/mol has been re- 
ported (5) and independent studies of methane activation by silica 
supported nickel yield similar barriers, 29 (10) and 25 (11) kJ/mol. 

Activation of n-alkanes on platinum has been studied (12,13). 
Activation energies are about 46 kJ/mol on Pt(ll0) (13) and the in- 
activity of Pt(ll1) (12) has been interpreted to mean that n-alkane CH 
activation energies must be greater than 67 kJ/mol (13). 

only the recently determined activation energies, 71 kJ/mol for 
Ni(ll1) and 30 kJ/mol for Ni(100) are likely to be accurate (5,9,13). 
The other values are in greater doubt. 

Because of various experimental difficulties in the early work, 

Theoretical Method 

The atom superposition and electron delocalization molecular 
orbital (ASED-MO) method (14) used in this paper is a semiempirical 
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t h e o r e t i c a l  approach which uses  valence Slater  o r b i t a l s  (15) and 
experimental i o n i z a t i o n  p o t e n t i a l s  (16)  as input  data. The ASED-MO 
method is a simple way t o  p r e d i c t  c e r t a i n  molecular  d a t a  from atomic 
da ta .  Its s t r u c t u r e  and energy p r e d i c t i o n s  are o f t e n  q u i t e  accura te ,  
bu t  i n  g e n e r a l  it is  best used t o  e s t a b l i s h  and e x p l a i n  chemical 
t rends.  

Sur faces  w e r e  modeled us ing  the  bulk-superimposable c l u s t e r s  i n  
Figure 1. Atoms with which methane i n t e r a c t s  d i r e c t l y  i n  t h e  t r a n -  
s i t i o n  state are shaded. Adsorption s t u d i e s  w e r e  performed assuming 
high-spin molecular  o r b i t a l  occupat ions w i t h  lower levels i n  t h e  d 
band doubly occupied and upper l e v e l s  s i n g l y  occupied. T h e  Fe13 and 
Fe14 c l u s t e r s  had 38 unpaired e l e c t r o n s ,  the F e l l  c l u s t e r  30 and the 
N i l 0  and P t l O  c l u s t e r s  6 unpaired e l e c t r o n s .  The c l u s t e r  s t r u c t u r e s  
a r e  bulk-superimposable and based on well-known l a t t i ce  cons tan ts  

Methane a c t i v a t i o n  Fe(100) and (110)  s u r f a c e s  

Key numerical  r e s u l t s  a r e  i n  Table I and t r a n s i t i o n  s ta te  
s t r u c t u r e s  are i n  F igure  2 .  The a c t i v a t i o n  energy f o r  i n s e r t i n g  an 
Fe(100)  s u r f a c e  atom i n t o  a methane CH bond is 32 kJ/mol and occurs  
when the bond is s t r e t c h e d  0.36 A. On a ggroughenedg8 s u r f a c e  site, 
c o n s i s t i n g  of  an Fe ad-atom placed on t o p  i n  a bulk- l ike  p o s i t i o n ,  t h e  
a c t i v a t i o n  energy decreases  s l i g h t l y  t o  27 W/mol. The  bonding i n  the 
t r a n s i t i o n  state is best  charac te r ized  as CH donat ion t o  t h e  sur face  
and t h e  e l e c t r o n i c  s t r u c t u r e  f o r  t h e  ad-atom case is i n  Figure 3. 
T h i s  f i g u r e  is r e p r e s e n t a t i v e  of a l l  o t h e r  t r a n s i t i o n  states d iscussed  
i n  t h i s  work. The s t r e t c h i n g  causes  one of t h e  3-fold degenerate  t 
symmetry methane o r b i t a l s  t o  become d e s t a b i l i z e d .  Its bending of  2 2  
deg away f r o m  the t e t r a h e d r a l  d i r e c t i o n  c o n t r i b u t e s  f u r t h e r  t o  t h e  
d e s t a b i l i z a t i o n  and a l s o  causes  a small  s t a b i l i z a t i o n  i n  one of t he  
o ther  g o r b i t a l s .  The lowest  orbi ta l  is d e s t a b i l i z e d  by t h e  d i s -  
t o r t i o n .  I n t e r a c t i o n s  wi th  t h e  surface c o n s i s t  i n  a s m a l l  s t a b i l i -  
zat ion of t he  lowest o r b i t a l  and mixing of bo th  of t h e  upper o r b i t a l s  
from t h e  t set w i t h  t h e  F e  o r b i t a l s  t o  form c lear ly-def ined  C . - . H - - - F e  
and C - - * F e  u bonding o r b i t a l s .  The main occupied ant ibonding counter- 
p a r t  o r b i t a l  eners;y lies i n  t h e  h a l f - f i l l e d  d band region and p a r t i c i -  
pat ion of the CH u o r b i t a l  i n  it removes almost  a l l  H cont r ibu t ion;  
t h e  o r b i t a l  has a C . - * F e  u bonding c h a r a c t e r .  

(17) - 

The t r a n s i t i o n  state s t r u c t u r e s  given i n  Figure 2 show how t h e  
methyl groups a r e  t i l t e d  with r e s p e c t  t o  t h e  two F e ( 1 0 0 )  sur faces .  
T h e  a c t i v a t e d  CH bonds are bent  away from the t e t r a h e d r a l  d i r e c t i o n s ,  
a s  a r e  t h e  newly-forming metal-carbon bonds. On these s u r f a c e s  t h e  
devia t ions  from t h e  t e t r a h e d r a l  d i r e c t i o n s  are near ly  symmetric; 
numerical v a l u e s  f o r  s t r u c t u r e  parameters a r e  i n  Table I. 

The  t o t a l  Mulliken over lap  between t h e  atom i n s e r t i n g  i n t o  t h e  CH 
bond and the s u r f a c e  c l u s t e r  decreases  when the atom i s  playing its 
a c t i v a t i n g  role. V a l u e s  given i n  Table I i n d i c a t e  a smal le r  decrease 
f o r  t h e  Fe/Fe(100) s u r f a c e  than f o r  Fe(100). Furthermore, t h e  bond 
order  between t h e  adsorbed Fe atom and t h e  s u r f a c e  i s  less than 
between a s u r f a c e  atom and its neighbors. 

The close-packed F e ( l l 0 )  s u r f a c e  is much l e s s  reactive. The 
a c t i v a t i o n  energy for  s i te  A is 118 kJ/mole and f o r  s i te B it is 1 3 5  
kJ/mol - see Figure 2 and Table I. The methyl tilts from v e r t i c a l  are 
less than f o r  t h e  (100)  sur face  and t h i s  is symptomatic o f  increased 
steric r e p u l s i o n s  with t h e  closely-packed s u r f a c e .  The bending of t h e  
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activated CH bond away from the surface is greater than on Fe(100) and 
the Fe-C bonds are closer to the tetrahedral direction despite the 
greater Fe-C distances. There are significant changes in the bond 
order between the activating Fe atom and its neighbors. 
surface the bond order is higher than for Fe(100), indicating more 
near neighbors and stronger bonding. When the iron atom is activating 
CH, its overlap decreases more than for the (100) surface, lending 
further support to the idea that activating CH bonds weakens the metal 
bonding and that the stronger the metal bonding is, the more it must 
be perturbed and the weaker the activating ability of the surface. 
This appears to be borne out by the experimental results for (100) and 
(111) Ni. 

On the clean 

Methane activation Ni(ll1) and Pt(ll1) surfaces 
Ni(ll1) is close-packed and the transition state structures are 

similar to those for Fe(ll0). The calculated activation energy, 64 
kJ/mol, is close to 71 kJ/mol reported in (7), and provides a bench- 
mark for our qualitative numbers. The effect of activation on the 
overlap of the active Ni atom with its neighbors is the same as for 
the close-packed Fe(ll0) surface. 

The 43 kJ/mol activation energy calculated for Pt(ll1) is close 
to the experimentally determined value of about 46 k J / m o l  for the 
(110) surface (13) and is smaller than implied by early studies of n 
alkanes on Pt(ll1) (12). We do not know precisely the reason for the 
disagreement. The calculations have uncertainty, but it is noted that 
the effects of transition state methane on the Pt-Pt bond order are 
more like those for the open Fe(100) surface than the close-packed Fe 
and Ni surfaces. We also note early work which stated Ni(ll1) was 
inactive compared to Ni(ll0) (6), yet very recent experiments yield a 
barrier for the Ni(ll1) surface close to our calculated value. 
Impurities may have passivated the (111) Ni surfaces in the early 
work. 

Conclusions 

The oxidative addition of methane to the iron, nickel, and 
platinum surfaces considered here is characterized by the insertion of 
a surface metal atom into a CH bond. Transition state CH bond 
stretches amount to around 0.4-0.5 A. In the transition state two 
methane CH (I oribtals hybridize with the metal s and d band orbitals 
to form metal-H and metal-C bonds and the antibonding counterpart to 
these (I donation interactions is stabilized by mixing with the empty 
CH (I* orbital to give additional C-metal bond order. Our finding of 
charge donation to the metal surfaces in most of the transition states 
conflicts with the conclusions of Saillard and Hoffmann (19) who used 
stylized structure models and Extended Huckel calculations, but never 
actually studied properties along reaction paths for activating 
methane. 

We have found that the close-packed iron(ll0) surface is a much 
weaker CH activator than the more open (100) surface and that an ad- 
atom on the (100) surface is the most active site of all. These 
activities correlate with the inverse of the bond order between the 
activating surface atom and its neighbors. These bond orders undergo 
larger absolute and percentage changes when the activation energy is 
high, indicating a contribution to the barrier comes from a weakening 
of metal bonding at the transition state. Hydrogen atoms have been 
noted to weaken iron bonding in custers while carbon atoms 
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strengthened iron overlaps (3). It is obvious that adsorption should 
affect metal bonding. The relative activation of close-packed and 
open surfaces toward methane could also have been anticipated. 

Depite being close-packed, Ni(ll1) activates methane with a 
barrier half of that for Fe(ll0). Our calculated value is in good 
agreement with recent experiments and experimental estimates for 
Ni(100) and Ni films are less, as expected from the above theoretical 
results for iron. Pt(ll1) is predicted to be more active than Ni(ll1) 
and, therefore, much more active than Fe(ll0). An updated experimental 
look at Pt(ll1) is in order. 
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Conversion o f  CH i n t o  C H and C H by t h e  Chlor ine-Catalyzed Ox ida t i ve -  
Py ro l ys i s  4CCOP) pFo$ess: I?  f l x i d a t i v e  P y r o l y s i s  o f  CH3C1 

A. Granada, S.B. Karra,  and S.M. Senkan 
* 

Department o f  Chemical Engineer ing 
I l l i n o i s  I n s t i t u t e  o f  Technology 

Chicago, I l l i n o i s  60616 

INTRODUCTION: 

Methane i s  a v a i l a b l e  i n  l a r g e  q u a n t i t i e s  i n  n a t u r a l  gas, thus  c o n s t i -  
t u t e s  an impor tan t  raw mate r ia l  f o r  t h e  syn thes is  o f  h ighe r  mo lecu la r  
weight hydrocarbons. Processess e x i s t  t o  conver t  methane i n t o  acetylene, 
ethylene, and hydrogen us ing  h i g h  temperature p y r o l y s i s .  However, a t  t h e  
h igh  temperatures needed f o r  t h e  thermal decomposition o f  methane, t h e  
y i e l d s  o f  more va luab le  l i q u i d  and gaseous produc ts  are t o o  low due t o  t h e  
fo rmat ion  o f  excessive amounts o f  carbonaceous s o l i d s  (see (1) and r e f e r e n -  
ces the re in ) .  

I n  an e a r l i e r  pa ten t  Gor in  (2 )  proposed a ch lo r i ne -ca ta l yzed  process 
i n  which methane conversion was achieved v i a  CH c h l o r i n a t i o n ,  f o l l owed  by 
the  p y r o l y s i s  o f  c h l o r i n a t e d  methanes (CM) and fo rmat ion  o f  C t produc ts  
and HC1. The HC1 produced can e i t h e r  be converted i n t o  c h l o r f n e  v i a  t h e  
well-known Deacon reac t i on ,  o r  can be used t o  conver t  CH i n t o  CH C1 v i a  
oxych lo r i na t i on  process, thus  complet ing t h e  c a t a l y t i c  c y h e  f o r  c h o r i n e .  
Recently, Benson (3) pa ten ted  a process s i m i l a r  t o  t h a t  o f  Gor in (Z), i n  
which t h e  flame reac t i ons  o f  C1 and CH were invo lved.  La ter ,  Weissman and 
Benson ( 4 )  s tud ied  the  k i n e t i c s 2 0 f  CH3Cf p y r o l y s i s .  

As expected from bond d i s s o c i a t i o n  energy cons idera t ions ,  t h e  decomposi- 
t i o n  temperatures f o r  CM would be lower than t h a t  f o r  methane, thus  t h e  
des t ruc t i on  o f  va luab le  p y r o l y s i s  products,  which i nc lude  acety lene and 
ethylene would be suppressed. However, i n  s p i t e  o f  t he  lower  temperatures 
requ i red  f o r  CM p y r o l y s i s ,  t h e  fo rmat ion  o f  carbonaceous s o l i d s  s t i l l  i s  a 
problem ( 2 , 4 ) ,  and t h i s  renders t h e  d i r e c t  p y r o l y s i s  o f  CMs u n a t t r a c t i v e  
f o r  p r a c t i c a l  app l i ca t i ons .  

The Ch lor ine-Cata lyzed Ox ida t i ve -Py ro l ys i s  (CCOP) process developed 
amel iorates t h e  problem o f  fo rmat ion  o f  s o l i d  products,  w h i l e  ma in ta in ing  
h igh  y i e l d s  f o r  acetylene and e thy lene ( 5 , 6 ) .  The CCOP process e x p l o i t s  t h e  
high-temperature,  non-flame reac t i ons  o f  methane, ch lo r i ne ,  and oxygen, and 
forms an impor tan t  b r i dge  between combustion chemistry,  halogen i n h i b i t i o n  
processes (7,8) and chemical r e a c t i o n  engineer ing.  Al though some carbon 
monoxide forms i n  t h e  CCOP process, CO i s  a gaseous produc t  thus  can be 
handled e a s i l y .  I n  add i t i on ,  CO can i t s e l f  be used t o  syn thes ize  h i g h e r  
molecular hydrocarbons as we1 1 . 
EXPERIMENTAL: 

The experiments were conducted i n  a 2 . 1  cm ID quar t z  tube which was 
about 100 cm long, and was p laced i n  a 3-Zone Lindbergh furnace. A smal l  
amount o f  CH3C1/0 m ix tu re  was i n j e c t e d  d i r e c t l y  i n t o  pre-heated argon 
c a r r i e r  gas. Expzriments were reasonably isothermal as determined by 
thermocouples. Al though lam ina r  f l o w  cond i t i ons  were present,  t h e  d e v i a t i o n  
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from idea l  p l u g  f l o w  behav io r  was determined t o  be i n  the  range 10-15%, by 
t h e  measurements o f  t h e  concen t ra t i on  p r o f i l e s  i n  t h e  r a d i a l  d i r e c t i o n .  

Species p r o f i l e s  were determined by w i thdrawing  gases through a water-  
cooled quar t z  sampl ing probe pos i t i oned  c e n t r a l l y  a t  t h e  downstream o f  t h e  
r e a c t i o n  zone, fo l l owed  by gas ana lys i s  by o n - l i n e  mass spectrometry.  

~- RESULTS AND DISCUSSION: 

The exper imenta l  cond i t i ons  i nves t i ga ted  a r e  presented i n  Table I. It 
should be no ted  t h a t  under these cond i t ions ,  homogeneous gas-phase k i n e t i c s  
would dominate t h e  r e a c t i o n  processes, w i t h  minor c o n t r i b u t i o n s  f rom su r -  
f ace  induced r e a c t i o n s  (4,9). 

TABLE 1 
Experimental Cond i t ions  Inves t i ga ted .  

T=980C, P=515 Tor r ,  v=150 cm/s, res .  time=50-250 ms 

M ix tu re  A Mix tu re  B 
Mol e percent  Mol e percent  

Species Ccop Process S t .  P y r o l y s i s  

CH C1 7.32 7.47 
o3 2.05 
A t  90.6 92.5 

I t  was p o s s i b l e  t o  conduct experiments w i t h  M i x t u r e  A i n d e f i n i t e l y  
w i thou t  any v i s i b l e  s igns o f  fo rmat ion  o f  s o l i d  depos i ts  a t  t h e  e x i t  o f  t h e  
t ransparent  qua r t z  reac to r .  Use o f  m ix tu re  B, however, immediately r e s u l t e d  
i n  t h e  fo rma t ion  o f  dark  s o l i d  deposi ts,  which rendered t h e  quar t z  r e a c t o r  
opaque. The fo rma t ion  o f  s o l i d  depos i ts  i n  t h e  absence o f  oxygen, however, 
i s  an expected r e s u l t ,  cons i s ten t  w i t h  t h e  f i n d i n g s  o f  p rev ious  i n v e s t i g a -  
t o r s  (2,4). 

I n  a l l  t h e  exper iments t h e  major species q u a n t i f i e d ,  o the r  than t h e  
reac tan ts  and argon, were: C H C H C H C H C1, CH , HC1, and CO. 
Minor species i d e n t i f i e d ,  bu t2n8 i  qu$nt; f ie8 t6H6, i20 ,  C02, and 
HCHO. 

I n  F igu re  1 t h e  mole percent  p r o f i l e  f o r  CH C1 and temperature a re  p re -  
sented as a f u n c t i o n  o f  a x i a l  p o s i t i o n .  I n  add j t i on ,  t h e  percent  f o r  unac- 
counted carbon (UC) i s  a l s o  presented. UC i s  de f i ned  as t h e  percent  o f  
carbon unaccounted f o r  by the  measurements o f  ma jor  gaseous species, thus  
i t  represents  a measure o f  ex ten t  o f  fo rmat ion  o f  s o l i d  products.  

t h e  fo rmat ion  o f  h igh  molecu la r  
we igh t  products,  which cannot be q u a n t i f i e d  by mass spectrometry, i s  indeed 
a problem i n  t h e  absence o f  0 . Th is  r e s u l t  i s  c o n s i s t e n t  w i t h  our  q u a l i t a -  
t i v e  observa t ions  no ted  e a r l i z r  and t h e  r e s u l t s  o f  Gor in  ( 2 ) ,  and Weissman 
and Benson (4).  

and CO a re  presen- 
ted. The HC1 mole percents  were c a l c u l a t e d  from ch?or ine  atom balances, 
f rom the  measurements o f  t he  o v e r a l l  conversion o f  CH3C1, and by assuming 
t h a t  no c h l o r i n e  i s  assoc ia ted  w i t h  UC. The conversion o f  O2 was q u i t e  low, 

As seen f rom t h e  UC p r o f i l e s  i n  F i g  1, 

I n  F igu re  2 t h e  mole percent  p r o f i l e s  f o r  HC1, 0 , 
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l e s s  than about lo%, cons is ten t  w i t h  t h e  format ion o f  l o w  l e v e l s  o f  CO, and 
by t h e  absence o f  q u a n t i f i a b l e  amounts o f  C02 o r  H20. 

In Figure  3 t h e  p r o f i l e s  f o r  H and CH4 a re  presented. The mole f r a c -  
t i o n s  fo r  H were ob ta ined f rom Eydrogen atom balances. I n  F igu re  4 t h e  
p r o f i l e s  f o r  ZgHf, CgH4, and C H C1 are  shown. These p r o f i l e s  suggest t he  
eventual  es ta  1 shme t o f  pseu io?s ta t ionary  values f o r  C H and C H4 a t  
h igher  CH C1 conversions, cons i s ten t  w i th  t h e  non-chain Ghgracter 6f the  
process. A$ seen f rom these p r o f i l e s ,  t h e  l e v e l s  o f  thebe produc ts  were no t  
s e n s i t i v e  t o  02. 

REACTION MECHANISM: 

s i s  s t a r t s  w i th  t h e  w e l l  known i n i t i a t i o n  s tep  (IO): 
D e t a i l e d  chemical modeling o f  t he  CCOP process suggests t h a t  CM p y r o l y -  

CH3C1 === CH3 t C1 1) 

CH3C1 t O2 === CH2C1 + H02 2) 

C1 t CH3C1 === CH2Cl  t HC1 3) 

CH 3 t H C l  === CH4 + C1  4) 

as w e l l  by t h e  f o l l o w i n g  r o u t e  i n  t h e  presence o f  02: 

These r e a c t i o n s  a re  fo l l owed  by: 

Once formed, HC1 undergoes t h e  f o l l o w i n g  f a s t  reac t i on :  

regenera t ing  C1, and forming CH as an i n e v i t a b l e  by-product o f  CM p y r o l y -  
sis. React ion 4 a l s o  r a p i d l y  con&mes t h e  CH3, t he re fo re  render ing  CH2C1 as 
the  most impor tan t  C1 r a d i c a l  i n  t h e  system. 

The chemica l l y  a c t i v a t e d  recombinat ion o f  CH C1, as w e l l  as CH C 1  and 
CH then determine t h e  major p roduc t  d i s t r i b u t ? o n s  i n  t h e  CCOP brocess. 
Thsse r e a c t i o n s  a re  t h e  fo l l ow ing :  

* 
CH2C1 t CH2C1 === [1,2-C2H4C12] 5) 

CH3 t CH2C1 === [C2H5C1]* 6) 
* * 

where [ ] denotes t h e  chemica l l y  a c t i v a t e d  adduct. The CH tCH3=[C2H ] 
r e a c t i o n  i s  unimportant because o f  t h e  lower concent ra t ions  30f  t h e  f H 3  
r a d i c a l s .  

The energized adducts [1,2-C H C1 I*, and [ C  H C1]* then undergo t h e  
fo l l ow ing  para1 l e 1  1 s t a b i l  i z a t i o n  grid dzcomposi t i on2 r8ac t i ons :  

[1,2-C2H4Cl2]*  + M - - - >  1,2-C2H4C12 t M ( S t a b i l i z a t i o n )  7) 

> C2H4C1 t C1 8) 

> C2H3C1 t HC1 9) 

- - - - - - -  
- - - - - - - 
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* 
[C2H5C1] t M - - - >  C2H5C1 t M ( S t a b i l i z a t i o n )  10) 

> C2H4 t HC1 11) 

> C2H5 t C1 12) 

- - - - - - - 
- - - - - - - 

As apparent f rom these reac t i ons  gas d e n s i t y  (M) has a s i g n i f i c a n t  impact 
on the  na ture  of t h e  u l t i m a t e  produc t  d i s t r i b u t i o n .  For example, a t  h ighe r  
pressures and/or lower  temperatures where M i s  high, c o l l i s i o n a l  s t a b i l i z a -  
t i o n  o f  t h e  chemica l l y  a c t i v a t e d  in te rmed ia tes  i s  enhanced, thus  t h e  forma- 
t i o n  o f  recombina t ion  products would be favored. a t  l ow  p res -  
sures and/or h i g h e r  temperatures where M i s  low, HC1 and C1 e l i m i n a t i o n  
channels would g a i n  g r e a t e r  s ign i f i cance .  

These r a d i c a l  combinat ion reac t i ons  a re  then fo l lowed by t h e  f o l l o w i n g ,  
again pressure-dependent, un imo lecu la r  reac t i ons  l ead ing  t o  t h e  fo rma t ion  
o f  C2H2, and C2H4: 

Conversely, 

C2H3C1 t M === C2H2 t HC1 t M 13) 

C2H4C1 + M === C2H4 t C1 t M 14) 

1,2-C2H4C12 t M === C2H3C1 t HC1 t M 15) 

C2H5C1 + M === C2H4 t HC1 t M 16) 

Reaction 13 i s  t h e  major channel f o r  t he  fo rmat ion  o f  C H2 and f o r  t h e  
The fo rmat ion  o f  C H occurs p r imar i?y  v i a  r e a c t i o n  

Ethylene a l s o  undergoes t h e  f o l l o w i n g  d e s t r u c t i o n  processess: 

d e s t r u c t i o n  o f  C H C1. 
11, and t o  a l e d e ?  ex ten t  by reac t i ons  14,4and 16. 

C2H4 t C1 === C2H3 + HC1 17) 

C2H4 t CH2C1 === C2H3 t CH3C1 18) 

and f o r m  one of t h e  most impor tan t  C r a d i c a l s  i n  t h e  system, C H . S i m i l a r  
d e s t r u c t i o n  channels f o r  C2H2 would 2e t o o  slow t o  be of  any s i$n?f igance.  

t h e  pr imary  r e a c t i o n  pathways a v a i l a b l e  f o r  
C2H3 a re  i t s  po l ymer i za t i on :  

I n  t h e  absence o f  oxygen, 

C2H3 t C2H2 === CH2CHCHCH 18) 

C2H3 t C2H4 === CH2CHCH2CH2 19) 

‘ZH3 === C2H2 t H 20) 

and t o  a l e s s e r  ex ten t :  

o r  i t s  h igh ly -endothermic ,  thus  slow decomposition t o  acetylene: 

The CH2CHCH CH and CH CHCHCH r a d i c a l s  subsequently undergo dehyd- 
rogenat ion,  hyd?’og&ation, f u r t h e r  a d d i t i o n  reac t i ons  w i t h  C H and C H 
c y c l i z e  and u l t i m a t e l y  r e s u l t  i n  the  fo rmat ion  o f  h igh  mole&dar wets$; 
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carbonaceous s o l i d s .  Al though t h e  d e t a i l e d  chemical k i n e t i c  s teps  l e a d i n g  
t o  t h e  fo rmat ion  o f  s o l i d  p roduc ts  a re  no t  f u l l y  known a t  p resent ,  t h e  p ro -  
cess nevertheless i s  w e l l  known t o  be extremely r a p i d  ( l l ) ,  and r e a c t i o n  
18 i s  be l ieved t o  p l a y  a p i v o t a l  r o l e  (4,12, 13). 

however, t he  C H3 r a d i c a l  has an a d d i t i o n a l  
f a s t  r e a c t i o n  channel which e f f e c t i v e l y  compet2s w i t h  the  above processes: 

I n  the  presence o f  oxygen, 

C2H3 t O2 === HCOH t HCO 21) 

Th is  elementary r e a c t i o n  have o n l y  r e c e n t l y  been i s o l a t e d  and s tud ied  (14), 
and was shown t o  have no a c t i v a t i o n  energy b a r r i e r .  Consequently, oxygen 
has a profound i n f l u e n c e  on t h e  processes o f  fo rmat ion  o f  h igh  mo lecu la r  
weight hydrocarbon s o l i d s  and carbon by d i r e c t l y  i n t e r c e p t i n g  t h e  C H 
r a d i c a l s .  The HCOH and HCO formed by r e a c t i o n  21 subsequenly a re  conver?ed 
i n t o  CO. 

As ev ident  f rom the  above r e a c t i o n  mechanism, al though 0 i n t e r r u p t s  
t h e  processess t h a t  u l t i m a t e l y  l ead  t o  t h e  fo rmat ion  o f  s o l i d  8epos i ts ,  
i t  does not d i r e c t l y  i n t e r f e r e  w i t h  t h e  reac t i ons  respons ib le  f o r  t h e  
fo rmat ion  o f  e thy lene and acetylene. Th is  i s  supported by t h e  exper imental  
measurements presented i n  F igure  4, i n  which t h e  mole percents  f o r  C H and 
C H remained near l y  the  same bo th  i n  t h e  presence and absence o f  ox$ggn a t  
t i e 4  same ex ten t  o f  conversion o f  CH3C1. 

It i s  most impor tan t  t o  no te  t h a t  t he  success o f  t h e  CCOP process 
depends on t h e  presence o f  t he  f o l l o w i n g  combustion i n h i b i t i o n  r e a c t i o n ,  
which a l so  i s  t h e  major r o u t e  f o r  H2 format ion:  

H t HC1 === H 2 t C1 22) 

React ion 22, because o f  i t s  lower a c t i v a t i o n  energy, e f f i c i e n t l y  removes 
t h e  H r a d i c a l s  from t h e  system, and renders t h e  f o l l o w i n g  impor tan t  combus- 
t i o n  cha in  branching reac t i on :  

i- 02 === OH t 0 23 1 
i n e f f e c t i v e  (7,8). 
Consequently t h e  fo rmat ion  o f  flames, thus  t h e  d e s t r u c t i o n  o f  CM and va lua-  
b l e  products a re  prevented. 
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CONVERSION OF METBANE TO GASOLINE-RANGE HYDROCARBONS 

C h a r l e s  E .  T a y l o r  a n d  R i c h a r d  P. N o c e t j  
U.S.  D e p a r t m e n t  o f  E n e r g y  

P i t t s b u r g h  E n e r g y  T e c h n o l o g y  C e n t e r  
P .O.  Box 1 0 9 4 0  

P i t t s b u r g h ,  PA 1 5 2 3 6  

E x i s t i n g  p r o c e s s e s  h a v e  b e e n  a s s e m b l e d  in a n o v e l  c o m b i n a t i o n  c a p a b l e  
o f  p r o d u c i n g  h i g h e r  h y d r o c a r b o n s  f r o m  m e t h a n e  w i t h  h i g h  y i e l d  a n d  
s e l e c t i v i t y .  M e t h a n e ,  o x y g e n ,  a n d  h y d r o g e n  c h l o r i d e  r e a c t  o v e r  a n  
o x y h y d r o c h l o r i n a t i o n  (OHC) c a t a l y s t  in t h e  f i r s t  s t a g e  t o  p r o d u c e  
p r e d o m i n a n t l y  c h l o r o m e t h a n e  a n d  w a t e r .  In t h e  s e c o n d  s t a g e ,  t h e  
c h l o r o m e t h a n e  i s  c a t a l y t i c a l l y  c o n v e r t e d  t o  h i g h e r  h y d r o c a r b o n s ,  
n a m e l y ,  p a r a f f i n s ,  c y c l o p a r a f f i n s ,  o l e f i n s ,  a n d  a r o m a t i c s ,  by  a n  
a l u m i n o - s i l i c a t e  z e o l i t e .  I n  t h e  p r o c e s s  d e s c r i b e d ,  t h e  f i n a l  h y d r o -  
c a r b o n  m i x t u r e  i s  l a r g e l y  i n  t h e  g a s o l i n e  (C4-C10) b o i l i n g  r a n g e .  

The f i r s t  s t a g e  o f  t h e  p r o c e s s  h a s  b e e n  c a r r i e d  o u t  u n d e r  v a r y i n g  c o n -  
d i t i o n s  of  t e m p e r a t u r e  and  r e s i d e n c e  t i m e s .  The c o n v e r s i o n  o f  r e a c -  
t a n t s ,  t h e  y i e l d s ,  and  t h e  p r o d u c t  s e l e c t i v i t i e s  a r e  t a b u l a t e d  o v e r  
t h e  o p e r a t i n g  r a n g e  of t h e  c a t a l y s t .  

The s e c o n d - s t a g e  r e a c t i o n  h a s  b e e n  c a r r i e d  o u t  u t i l i z i n g  f e e d s  o f  
c h l o r o m e t h a n e  a n d  v a r i o u s  m i x t u r e s  o f  c h l o r o m e t h a n e ,  d i c h l o r o m e t h a n e ,  
and  t r i c h l o r o m e t h a n e .  A l o n g - t e r m  s t u d y  o n  a c o m m e r c i a l  z e o l i t e  h a s  
shown no s i g n i f i c a n t  c h a n g e s  in c o n v e r s i o n s  o r  p r o d u c t  d i s t r i b u t i o n  
a f t e r  m u l t i p l e  r e g e n e r a t i o n  c y c l e s .  

INTRODUCTION 

C u r r e n t  t e c h n o l o g y  f o r  t h e  c o n v e r s i o n  o f  m e t h a  e t o  more  u s e f  1 com- 
p o u n d s  i n c l u f e s  s t e a m  r e f o r m i n g  r e a c t i o n s ; '  h a l o g e n a t i o n ; '  o x y -  
c h l o r i n a t i  n; o x i d a t i o n ,  i n c l u d i n g  o i d a t i v e  c o u p l i n g  a n d  m e t a l  g x i d e  
r e a c t i o n s ; '  r e a c t i o n  w i t h  s u p e r a c i d s ; '  a n d  v a r i o u s  o t h e r  m e t h o d s .  A t  
p r e s e n t ,  t h e s e  c o n v e r s i o n  s c h e m e s  a r e  u n a t t r a c t i v e  b e c a u s e  t h e y  a r e  
marked by low o v e r a l l  c a r b o n  c o n v e r s i o n s  O K  p o o r  s e l e c t i v i t i e s .  

In 1 9 7 5 ,  M o b i l  O i l  C o r p o r a t i o n  p a t e n t e d  a p r o c e s s . f o r  t h e  c o n v e r s i o n  
of m e t h a n o l  t o  h i g h e r  , h y d r o c a r b o n s  by r e a c t i o n  o v e r  a z e o l i t e  
c a t a l y s t ,  s u c h  a s  ZSM-5. A l t h o u g h  l a t e r  M o b i l  p a t e n t s  c l a i m e d  t h a t  
ZSM-5 wo I d  c o n v e r t  a n y  m o n o f u n c t i o n a l i z e d  m e t h a n e  t o  h i g h e r  h y d r o -  
c a r  o n s , '  m e t h a n o l  was t h e  f e e d s t o c k  o f  i n t e r e s t .  In 1 9 8 2 ,  I o n e  e t  
a l . '  r e p o r t e d  t h a t  t h e  c o n v e r s i o n  p r o d u c t s  o f  m o n o f u n c t i o n a l i z e d  
m e t h a n e s  o v e r  z e o l i t e s  w e r e  i n d e p e n d e n t  o f  t h e  s u b s t i t u e n t  a n d ,  f o r  a 
g i v e n  c a t a l y s t ,  d e p e n d e d  o n l y  on t h e  r e a c t i o n  c o n d i t i o n s .  

In work d o n e  l l i e d  C h e m i c a l  C o r p o r a t i o n ,  P i e t e r s  e t  a l . ' O B  l 1  a n d  
Conner  e t  a l .  '"'* " r e p o r t e d  t h e  s e l e c t i v e  f u n c t i o n a l i z a t i o n  o f  m e t h a n e  
by r e a c t i o n  w i t h  o x y g e n  and  h y d r o g e n  c h l o r i d e  o v e r  a s u p p o r t e d  c o p p e r  
c h l o r i d e  c a t a l y s t  t o  g i v e  t e t r a c h l o r o m e t h a n e  as  t h e  m a j o r  p r o d u c t .  T h e  
a d v a n t a g e s  o f  t h e  A l l i e d  p r o c e s s  a r e  s i g n i f i c a n t .  R e a c t i o n  c o n d i t i o n s  
a r e  m i l d ,  a n d  c o n v e r s i o n  and  p r o d u c t  d i s t r i b u t i o n  a r e  s t a t e d  t o  b e  
f u n c t i o n s  of f e e d  s t o i c h i o m e t r y  and  t e m p e r a t u r e .  

I f  a m o d i f i c a t i o n  of t h e  O H C  r e a c t i o n  c o n d i t i o n s  p r o d u c e d  p r e d o m -  
i n a n t l y  c h l o r o m e t h a n e ,  a t w o - s t e p  p r o c e s s  ( F i g u r e  1 1 ,  in w h i c h  t h e  
c h l o r o m e t h a n e  o l i g o m e r i z a t i o n  s t e p  p r o v i d e s  t h e  h y d r o g e n  c h l o r i d e  
n e e d e d  f o r  m e t h a n e  c h l o r i n a t i o n ,  wou ld  b e  p o s s i b l e .  C h l o r i n e ,  a s  
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h y d r o g e n  c h l o r i d e ,  is e s s e n t i a l l y  a p l a c e h o l d e r  i n  t h e  m e t h y l e n e  s y n -  
t h o n .  T h i s  i s  t h e  b a s i s  o f  t h e  P E T C  p r o c e s s .  

T h e  work  d e s c r i b e d  b e l o w  d e m o n s t r a t e s  t h a t  a n  e f f e c t i v e  method f o r  
s e l e c t i v e  f u n c t i o n s l i z a t i o n  i n  c o m b i n a t i o n  w i t h  o l i g o m e r i z a t i o n  o v e r  a 
z e o l i t e  c a t a l y s t  p r o v i d e s  a f a c i l e  r o u t e  f o r  c o n v e r s i o n  of m e t h a n e  t o  
h i g h e r  h y d r o c a r b o n s .  

BXPEEIIIRBTAL 

T h e  d e t a i l s  o f  t h e  t w o - s t a g e  l a b o r a t o r y  r e a c t o r  s y s t e m  a r e  shown i n  
F i g u r e  2 .  A l l  t h e  r e a c t a n t s  w e r e  i n t r o d u c e d  a t  s l i g h t l y  a b o v e  a t m o s -  
p h e r i c  p r e s s u r e  f r o m  g a s  c y l i n d e r s .  F low r a t e s  w e r e  c o n t r o l l e d  b y  a 
B r o o k s  f o u r - c h a n n e l  m a s s - f l o w  c o n t r o l l e r .  The f e e d  s t r e a m  f o r  t h e  
f i r s t - s t a g e  r e a c t o r  was s a m p l e d  b e f o r e  a n d  a f t e r  t h e  e x p e r i m e n t a l  r u n ,  
w h i l e  t h e  p r o d u c t  s t ream was c o n t i n u o u s l y  s a m p l e d  on l i n e  d u r i n g  t h e  
r u n  t o  o b t a i n  a mass  b a l a n c e  a r o u n d  t h e  OHC r e a c t i o n .  A q u a d r u p o l e  
mass s p e c t r o m e t e r  w a s  u s e d  t o  a n a l y z e  t h e  f e e d  and  p r o d u c t  s t r eams .  
O l i g o m e r i z a t i o n  r e a c t i o n  p r o d u c t s  w e r e  c o l l e c t e d  a t  d r y  i c e  t e m p e r a -  
t u r e s  a n d  a n a l y z e d  on a H e w l e t t - P a c k a r d  5880 c a p i l l a r y  co lumn g a s  
c h r o m a t o g r a p h  e q u i p p e d  w i t h  a H e w l e t t - P a c k a r d  5 9 7 0  mass s e l e c t i v e  
d e t e c t o r  (GC/MSD). 

T h e r m o g r a v i m e t r i c  (TG) m e a s u r e m e n t s  w e r e  c o n d u c t e d  u s i n g  a P e r k i n -  
E lmer  TGS-2 s y s t e m .  D i f f e r e n t i a l  S c a n n i n g  C a l o r i m e t r y  (DSC) m e a s u r e -  
m e n t s  w e r e  c o n d u c t e d  u s i n g  a P e r k i n - E l m e r  DSC-PC c a l o r i m e t e r .  B o t h  
t h e  TG a n d  t h e  DS w e r e  c o n n e c t e d  t o  a TADS d a t a  s t a t i o n .  H e a t i n g  
r a t e s  o f  10°C min-' w e r e  e m p l o y e d  f o r  3-6 mg o f  a c t i v a t e d  O H C  c a t a l y s t  
c o n t a i n e d  i n  a g o l d  p a n  u n d e r  a n  i n e r t  a t m o s p h e r e .  

The  c a t a l y s t s  were c o n t a i n e d  b e t w e e n  q u a r t z  wool  p l u g s  w i t h i n  h o r i z o n -  
tal 1- X 35-  c e n t i m e t e r  q u a r t z  t u b e s  e n c l o s e d  i n  s p l i t  t u b e  f u r n a c e s .  
T e m p e r a t u r e s  w e r e  c o n t r o l l e d  by a f e e d b a c k  c o n t r o l l e r .  

T h e  r e a c t a n t s  w e r e  p r e h e a t e d  t o  175OC b e f o r e  e n t e r i n g  t h e  c a t a l y s t  
z o n e .  The  e f f l u e n t  s t r e a m  was m a i n t a i n e d  a t  150°C t o  p r e v e n t  p r o d u c t  
c o n d e n s a t i o n  b e f o r e  t h e  c o l d  t r a p  o r  i n  t h e  c a p i l l a r y  i n l e t  t o  t h e  
mass s p e c t r o m e t e r .  

T h e  o x y h y  o c h l o r i n a t i o n  c a t a l y s t  was p r e p a r e d  a c c o r d i n g  t o  t h e  
l i t e r a t u r e  p6,11 b y  s e q u e n t i a l  l a y e r i n g  o f  CuC1, K C 1 ,  and  L s C 1 3  o n t o  a 
fumed s i l i c a  s u p p o r t  in n o n a q u e o u s  s o l v e n t s .  The OHC c a t a l y s t  was a c -  
t i v a t e d  i n  a s t r e a m  o f  h y d r o g e n  c h l o r i d e  a t  3 O O 0 C  f o r  t e n  m i n u t e s  
p r i o r  t o  u s e .  The ZSM-5 was o b t a i n e d  f r o m  M o b i l  O i l  C o r p o r a t i o n  i n  
t h e  ammonium f o r m  w i t h  a s i l i c a - t o - a l u m i n a  r a t i o  o f  7 0 : l .  The a m -  
monium f o r m  was c o n v e r t e d  t o  t h e  a c i d  f o r m  by c a l c i n i n g  i n  a i r  a t  
538OC f o r  1 6  h o u r s .  The i r o n - p r o m o t e d  ZSM-5, p r e p a r e d  a c c o r d i n g  t o  
t h e  me thod  o f  Rao a n d  G o r m l e y , 1 4  c o n t a i n e d  1 4 . 5 %  i r o n  by w e i g h t  a n d  
h a d  a s i l i c a - t o - a l u m i n a  r a t i o  o f  2 7 : l .  

The  r e a c t i o n  c o n d i t i o n s  f o r  t h e  o l i g o m e r  z a t i o n  o f  c h l o r o m e t h a n e  were 
s i m i l a r  t o  t h o s e  r e p o r t e d  f o r  m e t h a n o l , "  i . e . ,  r e a c t i o n  t e m p e r a t u r e  
o f  35OoC a n d  WHSV = I ,  u s i n g  1 g r a m  o f  c a t a l y s t .  

The  z e o l i t e  c a t a l y s t  was r e g e n e r a t e d  by e x p o s u r e  t o  o x y g e n  a t  t e m p e r a -  
t u r e s  b e t w e e n  350° a n d  550°C u n t i l  t h e  p r e s e n c e  o f  c a r b o n  d i o x i d e  i n  
t h e  e f f l u e n t  s t r e a m  was  no l o n g e r  d e t e c t e d  by  t h e  mass s p e c t r o m e t e r .  
Removal  o f  c a r b o n  r e s t o r e d  t h e  c a t a l y s t  t o  i t s  i n i t i a l  a c t i v i t y  e v e n  
a f t e r  1 4  c y c l e s .  
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RESULTS 

Conversion of methane to chloromethane 

The conversion of methane to chloromethane has been observed under 
various reaction conditions. The data (Table I and Figure 3) show a 
material balance around 100% and display several trends. Note that 
methane conversion and polychlorination both increase as residence 
time and temperature increase. 

The highest level of methane conversion occurred around 345OC, which 
is in the neighborhood oilreported eutectic melting points f o r  several 
CuC1-KC1-LsC13 mixtures. When the temperature exceeded 35OoC, con- 
version decreased. The DSC measurements showed an endotherm with an 
onset at 385OC and a maximum at 4 0 6 O C .  The maximum corresponds o the 
reported melting point of the supported CuC1-KC1-LaC13 layers. l 5  The 
loss of activity occurs well below the experimentally determined melt- 
ing point and may be explained as the result of a surface area 
decrease because of phase transitions in the supported phase o r  a 
loss of stratification due to diffusion. 

Production of carbon dioxide and formic acid, undesirable by-products, 
also varied with residence time and temperature. As either the 
residence time or temperature increased, the amount of carbon dioxide 
increased while the amount of formic acid decreased. Carbon monoxide 
was not detected in the product stream. 

The OHC catalyst is also susceptible to deactivation by exposure to 
oxygen in the absence of methane at temperatures greater than 100°C. 
Reactivation requires exposure of the catalyst to hydrogen gas at tem- 
peratures between 280' and 3 0 O o C .  The catalyst is stable in air at 
ambient temperatures but is hygroscopic. Surface moisture is indi- 
cated by a color change from brown to green. Removal of water from 
hydrated catalyst by heating above 100°C in an inert gas stream gave a 
catalyst with less OHC activity than freshly prepared and activated 
catalyst. 

Conversion of chloromethane to gasoline 

Conversion of chloromethane over ZSM-5 to gasoline-range hydrocarbons 
has been observed to occur under conditions similar to those for the 
conversion of methanol. Two forms of the oligomerization catalyst 
were used in this study. One was a sample of iron-promoted ZSM-5 syn- 
thesized in our laboratory; the other was a sample of H-ZSM-5 obtained 
from Mobil Oil Corporation. Both catalysts produced similar products 
under the same reaction conditions. The gas chromatograms of the 
products collected from methanol o r  chloromethane oligomerization over 
ZSM-5 are shown in Figures 4 and 5, respectively. The mass selective 
detector allowed identification of most of the components in the 
samples, which are listed in Table 11. Generally, the products con- 
tain ten carbons o r  less, and a large fraction of the product is 
aromatic. The presence of chlorinated aromatics was not observed for 
any of the oligomerization reactions conducted. 

Trace amounts of 2-chloropropane and 2-chlorobutane were also found in 
one of the chloromethane oligomerization products. We hypothesized 
that these compounds had been formed by vapor phase addition of 
hydrogen chloride to propene and butene, products of chloromethane 
oligomerization. This typg of addition has been reported to occur un- 
der similar conditions. It was further proposed that if these 
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c , h l o r i n a t e d  a l k a n e s  came in c o n t a c t  w i t h  t h e  z e o l i t e  c a t a l y s t ,  t h e y  
w o u l d  b e  o l i g o m e r i z e d .  To t e s t  t h e  l a t t e r  t h e o r y ,  s e v e r a l  p r i m a r y ,  
s e c o n d a r y ,  a n d  t e r t i a r y  c h l o r o c o m p o u n d s  o f  p r o p a n e ,  b u t a n e ,  a n d  p e n -  
t a n e  w e r e  a l l o w e d  t o  r e a c t  o v e r  ZSM-5 a t  t h e  c o n d i t i o n s  f o r  c h l o r o -  
m e t h a n e  o l i g o m e r i z a t i o n .  In e a c h  c a s e ,  t h e  h a l o c a r b o n  was c o n v e r t e d  
t o  a r o m a t i c  h y d r o c a r b o n s  a n d  h y d r o g e n  c h l o r i d e ,  c o n f i r m i n g  o u r  
h y p o t h e s i s .  I 
Key t o  t h e  PETC p r o c e s s  is t h e  a b i l i t y  o f  t h e  ZSM-5 t o  c o n v e r t  mix -  
t u r e s  o f  c h l o r o m e t h a n e s ,  e s p e c i a l l y  t h o s e  w i t h  c o m p o s i t i o n s  s i m i l a r  t o  
t h e  OHC p r o d u c t  s t r e a m .  w i t h o u t  e x c e s s i v e  d e a c t i v a t i o n  d u e  t o  c o k i n g .  
To d e t e r m i n e  t h e  e f f e c t  of f e e d  c o m p o s i t i o n  on c a t a l y s t  c o k i n g ,  m i x -  
t u r e s  o f  c h l o r o m e t h a n e ,  d i c h l o r o m e t h a n e ,  a n d  t r i c h l o r o m e t h a n e ,  
i n c l u d i n g  o n e  w i t h  m o l a r  r a t i o s  i d e n t i c a l  t o  t h e  O H C  p r o d u c t  s t r e a m  
( T a b l e  I ,  5 . 1 4  s e c o n d s ) ,  w e r e  r e a c t e d  o v e r  ZSM-5. C o n v e r s i o n s  a n d  
c o k e  f o r m a t i o n  on t h e  z e o l i t e  w e r e  c o m p a r a b l e  t o  t h o s e  e x p e r i e n c e d  f o r  
s t r a i g h t  c h l o r o m e t h a n e  ( F i g u r e  6 )  w h e n  t h e  m o l a r  r a t i o  o f  
c h l o r o m e t h a n e  t o  d i c h l o r o m e t h a n e  was a t  l e a s t  2 . 7 5  t o  1 a n d  t h e  
t r i c h l o r o m e t h a n e  w a s  2 . 3  mole  p e r c e n t  o r  l e s s .  

T h e  e f f e c t s  o f  c a t a l y s t  a g i n g ,  c a u s e d  by  p r o l o n g e d  c o n t a c t  o f  t h e  ZSM- 
5 w i t h  t h e  p r o d u c t s  o f  r e a c t i o n ,  m a i n l y  h y d r o g e n  c h l o r i d e ,  h a v e  b e e n  
a d d r e s s e d .  C o n v e r s i o n  s t u d i e s  w e r e  u n d e r t a k e n  on a s i n g l e  1-gram ZSM- 
5 s a m p l e  e x p o s e d  t o  v a r i o u s  m i x t u r e s  o f  c h l o r o m e t h a n e ,  
d i c h l o r o m e t h a n e ,  a n d  t r i c h l o r o m e t h a n e  u n d e r  r e a c t i o n  c o n d i t i o n s .  When 
c o n v e r s i o n s  d r o p p e d  b e l o w  50%, t h e  z e o l i t e  was r e g e n e r a t e d  by  r e m o v a l  
o f  t h e  c o k e  a s  d e s c r i b e d  a b o v e .  A f t e r  r e g e n e r a t i o n ,  t h e  i n i t i a l  
c o n v e r s i o n  o f  c h l o r o m e t h a n e  r e t u r n e d  t o  - 1 0 0 % .  P r o d u c t  d i s t r i b u t i o n  
e x h i b i t e d  no n o t i c e a b l e  c h a n g e  d u r i n g  8 0 0  h o u r s  o f  o p e r a t i o n  a n d  1 4  
r e g e n e r a t i o n  c y c l e s .  

1 

C o n c l u s i o n  

M e t h a n e  h a s  b e e n  c o n v e r t e d  t o  h i g h e r  h y d r o c a r b o n s  b o i l i n g  in t h e  
g a s o l i n e  r a n g e  by  t h e  t w o - s t a g e  p r o c e s s  d e s c r i b e d .  In t h e  f i r s t  
s t a g e ,  m i x t u r e s  o f  c h l o r o m e t h a n e ,  d i c h l o r o m e t h a n e ,  a n d  t r i c h l o r -  
o m e t h a n e  w e r e  p r o d u c e d  by t h e  OHC c a t a l y s t  i n  r a t i o s  d e p e n d e n t  o n  
r e a c t i o n  t e m p e r a t u r e ,  r e s i d e n c e  t i m e ,  a n d  l a r g e  c h a n g e s  in f e e d  
s t o i c h i o m e t r y .  U n d e r  t h e  c o n d i t i o n s  d e s c r i b e d ,  t h e  r a t i o  o f  
c h l o r o m e t h a n e  t o  d i c h l o r o m e t h a n e  v a r i e d  f r o m  3.82 t o  1 . 7 0  a s  r e s i d e n c e  
t i m e  i n c r e a s e d  f r o m  4.20 t o  9 .58  s e c o n d s .  T h e s e  e x p e r i m e n t s  w e r e  
c o n d u c t e d  a t  a r e a c t i o n  t e m p e r a t u r e  p r o d u c i n g  maximum m e t h a n e  
c o n v e r s i o n .  C h l o r o f o r m  p r o d u c t i o n  a l s o  i n c r e a s e d  w i t h  i n c r e a s i n g  
r e s i d e n c e  t i m e .  T e t r a c h l o r o m e t h a n e  f o r m a t i o n  w a s  a t  o r  b e l o w  
d e t e c t a b i l i t y  l i m i t s  d u r i n g  a l l  e x p e r i m e n t s .  

T h e  o l i g o m e r i z a t i o n  o f  c h l o r o m e t h a n e  t o  g a s o l i n e - b o i l i n g - r a n g e  
h y d r o c a r b o n s  o c c u r r e d  u n d e r  c o n d i t i o n s  i d e n t i c a l  t o  t h o s e  f o r  
m e t h a n o l .  H y d r o g e n  c h l o r i d e ,  t h e  b y - p r o d u c t  o f  o l i g o m e r i z a t i o n ,  is 
r e c o v e r a b l e  f r o m  t h e  p r o d u c t  s t r e a m  a n d  may b e  r e c y c l e d  f o r  u s e  in t h e  
O H C  s t e p .  M i x t u r e s  o f  c h l o r o m e t h a n e  a n d  d i c h l o r o m e t h a n e  in r a t i o s  o f  
g r e a t e r  t h a n  2.75 t o  1 ,  r e s p e c t i v e l y ,  a l o n g  w i t h  m i x t u r e s  o f  
c h l o r o m e t h a n e ,  d i c h l o r o m e t h a n e ,  a n d  t r i c h l o r o m e t h a n e  i n  t h e  same m o l a r  
r a t i o s  a6 p r o d u c e d  in t h e  o x y h y d r o c h l o r i n a t i o n  s t a g e ,  a r e  a l s o  
o l i g o m e r i z e d  by ZSM-5. The o l i g o m e r i z a t i o n  o f  t h e  m i x t u r e s  c o n t a i n i n g  
t h e  p o l y c h l o r i n a t e d  m e t h a n e s  o c c u r s  w i t h o u t  o b s e r v a b l e  d i f f e r e n c e  in 
c o n v e r s i o n  o r  c o k e  d e p o s i t i o n  f r o m  t h a t  e x p e r i e n c e d  f o r  c h l o r o m e t h a n e  
o r  m e t h a n o l .  L o n g - t e r m  e x p o s u r e  o f  t h e  z e o l i t e  t o  h y d r o g e n  c h l o r i d e  
a n d  m u l t i p l e  r e g e n e r a t i o n s  d o  n o t  a p p e a r  t o  a f f e c t  e i t h e r  c o n v e r s i o n s  
o r  p r o d u c t  d i s t r i b u t i o n .  
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TABLE I 

Selectivity of the OHC Reaction at 342OC 

C.IcYI.1.d Cmnlonb Y. PmdYCt 

Re.1d.m c w u  
T I W I S . ~ ~  CH. nci 0, CH,CI CH.CI. CHCL, CCI. co co. HCOOH CH,CI, 

4.17 25.m 3.17 3 . 0 1  75.32 1972 156  OW 0.00 061 257 362 

5.14 26.36 3926 58.89 73.86 21.24 1.86 O W  0.03 0.93 1.80 346 

6.M 24.36 9.71 5521 88.42 25.83 292 0.01 0.02 113 139 2.65 

6.X 58.36 57.72 5795 67.80 26.16 2.70 OW OW 164 16d 2.60 

657 4525 6241 62.89 %.70 27.15 3.32 0.01 0.W 162 1.19 2.W 

1.71 42.12 96.58 97.36 M.80 27.47 3.62 001 0.00 2.16 1.62 2.36 

9.12 U . 4 8  98.00 92.89 5 7 . 3  32.31 5.65 0.02 OW 345 0.93 1.77 

T.SLE I1 

Oligomerization Product Identification 

Retention Time (MinJ 

5.022 
5.259 

5.356 
6255 
6.838 
8.980 

13.763 

14.u; 

1E.252 

21.716 

23.276 

26.020 

29.506 

32.078 

Compound 

Pentane 

B u i a n ~  

Benzeie 

Cyclonexane 

Hexane 

Toluene 

Xylene 

Xylene 

Xylene 

1,3.5Trimethylbenzene 

1 2 3 +  1.2.r.Tnme:nytSe:,ze~e 

Tetrsmetnylbenzene 

Durene 

Pen:amelhylkenzene 
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Hydrodenitrogenation of Quinoline and Coal 
Using Transition Metal Sulfides 

Christine W. Curtis and Donald R. Cahela 

Chemical Engineering Department, Auburn 
University, Alabama 36849 

This study investigates the effectiveness of unsupported, precipitated 
transition metal sulfides as HYD and HDN catalysts in both a quinoline system and 
a coal liquefaction system. 
areas were produced by a method developed by Chianelli and Dines (1) in the late 
1970's. 
ready intercalation of appropriate species. A number of different transition 
metal sulfides have been tested for HDS activity using dibenzothiophene (2) and 
are good candidates for hydrodenitrogenation (HDN) studies. The degree of HYD and 
HDN of quinoline and the reaction products from coal liquefaction were determined 
using precipitated transition metal sulfides and compared to commercial transition 
metal sulfides, commercial hydrotreating catalysts such as CoMo/A1203 and 
NiMo/A1203, and platinum containing catalysts such as Pt/SiO2 and PtS2. 

The transition metal sulfides of moderate surface 

These materials crystallize in weakly interacting layers which allow for 

Exuerimental 

Preuaration of Catalvsts. 
by dissolving the metal chloride in ethyl acetate (EA) which was then added to a 
slurry of lithium sulfide (Li2S), precipitating the metal sulfide. The product 
was annealed with pure H2S at 4OO0C, washed with 12% acetic acid and then sulfided 
with 10% HpS/Hp at 4OO0C for 1 hour. 
WC16, FeC13 and RuC13:3HpO, producing Cr2S3, MoS2, WSp, FeS, and RuS2. All of the 
chemicals required for synthesis were obtained from Alfa Chemicals. 
The composition of the metal sulfides was confirmed by X-ray diffraction by 

matching the d spacings of the sample with the reference. The experimental data 
matched the standards sufficiently to confirm the identity of the metal sulfides 
listed above. 
metal sulfides are compared to the theoretical in Table 1. Surface area 
measurements by dynamic B.E.T. using N2 in He are also given in Table 1. 
Differences in the surface areas of different batches of a given transition metal 
sulfide reflect the sensitivity of the surface area to preparation methods. 
A platinum on silica (Pt/Si02) catalyst was prepared by adding 0.44 g Si02 to 

12.46 g of a 5% solution of hydroplatanic acid. 
rotary evaporation and the catalyst was dried for 16 hr at 5OoC under 25 mm Hg. 
After grinding, the Pt/Si02 was reduced in a 40 ml/min H2 flow producing a slivery 
black material. 
CoMo/AlpOg catalysts were presulfided in a stream of 10 volume percent H2S in Hp; 
sulfiding was begun at 25OoC and the temperature was raised by 5OoC every fifteen 
minutes until 4OO0C was reached and maintained for one hour. Both catalysts were 
ground before use. 
Ouinoline Model Svstem, Reactions were performed with the precipitated and 
commercial transition metal sulfides, Pt/Si02, PtS2, CoMo/AlpOg and NiMo/A1203 
catalysts in 15 cm3 stainless steel tubing bomb reactors. 
quinoline in hexadecane was used as the reactant solution (5 g) with 0.025 g 
catalyst and 1250 psi hydrogen (cold). 
being agitated at 850 rpm. Most of the reactions were at least duplicated. Several 
lower temperatures were used with the Pt/SiO2 catalyst. 
analyzed by gas chromatography using a fused silica 30 m capillary DB-5 column 
with a 0.2 micron film with FID detection and p-xylene as the internal standard. 
NH3 was analyzed using a Chromosorb 103 column and TCD.detection. 
consumption was determined using a molecular sieve column with TCD detection in 
conjunction with standard PVT methods. 

Each precipitated transition metal sulfide was prepared 

The metal chlorides used were CrC13, MoCl4, 

Sulfur analyses of both the precipitated and commercial transition 

Water was removed by vacuum 

PtS2 was obtained from Alfa Chemicals. The NiMo/A1203 and 

Two weight percent 

The reactor was maintained at 38OoC while 

The liquid products were 

Hydrogen 
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Catalvst 

Cr2S3-4 
Cr2S3-C 
MoS2-3 
MoS2-7 
MoS2-C 

WS2-4 

FeS - 2 
FeS2-C 
RuS2 - 3 
RuS2-5 
NiMo/A1203 
CoMo/AlgOj 

ws2 - 2 

ws2-c 

Table 1. Analysis of Catalysts 

Sulfur. 
Samule Theoretical 

44.0 48.1 
49.6 48.1 
37.7 40.1 

40.1 
41.1 40.1 
25.1 25.9 

25.9 
24.9 25.9 
39.1 36.5 
57.2 53.5 
30.2 38.8 

Surface 
Area. m2fg 

19.5 
12.5 
30.8 
24.1* 
10.7 
13.5 

8.5 
6.7 
4.9 
26.4* 
19.4 
81.5* 
174 
180 

*Analyses performed by Quantachrome Corporation 

The concentration of the liquid phase products is given for each compound as a 
mole percentage of quinoline initially charged to the reactor. 
summarized in terms of percent of maximum hydrogenation (PMH), percent 
hydrodenitrogenation (PHDN), and percent hydrogenolysis (PHYG). PMH is the number 
of moles of hydrogen required to produce the observed product distribution from 
quinoline as a percentage of the hydrogen required to produce the final end 
product, propylcyclohexane (PCH). 
age for the components which do not contain nitrogen. 
the mole percentages for the compounds which have resulted from hydrogenolysis of 
the C-N bond. 
Coal Liauefaction Reactions. Ground Kentucky #11 coal with a nitrogen content of 
1.108 was used in the liquefaction reactions. 
Batch A, kept in a desiccator, dried during the course of the experiments, while 
the moisture content of Batch B remained fairly constant. 
catalytic reactions were performed using Batch A; the product distributions were 
corrected for the changing moisture composition of the coal. 

Pt/SiO2 as well as thermally in 46 cc stainless steel tubing bomb reactors. 
charge to the reactor was 0.5 g of coal with 0.5 g anthracene as solvent. 
Reactions were performed at 425OC f o r  60 minutes at an agitation rate of 850 rpm. 
Recovery of the product from the reactor was based upon the weights of the solid 
and liquid fractions. In calculating the product distributions, all losses were 
equally distributed among the solid and liquid fractions. 
distribution is reported on a maf coal basis. 

methylene chloride - methanol (9:l v/v) solution (MCM) and tetrahydrofuran (THF). 
This separation produced three fractions: MCM solubles (MCMS), MCM insolubles-THF 
solubles (THFS) and THF insolubles o r  ash-free insoluble organic matter (IOM). 
The MCMS fraction was further fractionated by the chromatographic method of 
Boduszynski et a1.(3) into compound-class fractions: hydrocarbons (HC), nitrogen 
heterocycles (NH), hydroxylaromatics (HA) and polyfunctional compounds (PC). 
Model compounds such as anthracene, acridine, carbazole and 2-naphthol, were 
chromatographed and verified the procedure. The hydrocarbon fraction separated 
from the MCMS fraction was further analyzed for anthracene hydrogenation products 
using the same capillary column as for quinoline. 
toluene with phenanthrene as the internal standard, was analyzed isothermally at 

The data is 

PHDN is calculated by summing the mole percent- 
PHYG is obtained by summing 

Two batches of coal were used: 

Thermal and several 

Coal liquefaction reactions were performed with MoS2, RuSp, NiMo/A1203, and 
The 

The product 

The liquid and solid products were separated by sequential washing with 

The sample, dissolved in 

i 
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180°C. Anthracene and three major hydrogenation products were observed: 9,10- 
dihydroanthracene (DHA), 1,4,5,8,9,10-hexahydroanthracene (HHA), and 
1,2,3,4,5,6,7,8-octahydroanthracene. In some reactions, a corrected sum (CRS) is 
used which includes the light cracked products produced during the reaction 
assuming a response factor of unity and disregarding molecular weight changes. 
This CRS was required to obtain reasonable recovery values due to cracking of 
anthracene during the reaction. The anthracene products are reported as a 
percentage of the anthracene charged, the sum of which represents the recovered 
anthracene. 

Results and Discussion 

The activity and selectivity of precipitated transition metal sulfides for HDN 
of quinoline were compared to that of NiMo/A1203, CoMo/AlpOg, commercial 
transition metal sulfides and Pt/Si02. Several transition metals from groups 6B 
and 8A were chosen. The catalysts which showed the highest level of HYD and HDN 
activity in the quinoline system were used for the coal liquefaction reactions. 
Ouinoline Reaction Svstem. The reaction pathway (Figure 1) for quinoline under 
catalytic conditions has been extensively investigated by Satterfield and 
coworkers ( 4 - 6 ) .  In the current study, the gaseous and liquid products from both 
thermal and catalytic reactions were analyzed and reasonable recoveries of the 
liquid products were attained. Methane (CH4) was the only hydrocarbon gas 
observed. The ammonia (NH3) observed was usually much less than it should have 
been based upon the denitrogenation of the liquid products. 
experiments in hexadecane showed that -70% of the hexadecane was absorbed by the 
solvent, yielding low recoveries. 

reactions are given in Table 2. 
activity and HDN selectivity. Precipitated RuS2 and supported NiMo/A1203 showed 
the highest and nearly equivalent PMH of -49%. Precipitated MoS2 produced a PMH 
of -42% and CoMo/AlpOg, 39%, while the other catalysts yielded lesser amounts of 
hydrogenation, ranging from 24 to 30% PMH. 
to their ability to hydrogenate quinoline in terms of PMH: 
MOS2-3 I CoMo/Al2Og > WS2-2 : Cr2S3 -4 > FeS,-2> thermal. 
of the sulfide indicates the batch number. Precipitated RuS2 achieved the highest 
PHDN of 10.8%; NiMo/A1203 and precipitated MoS2 achieved 8.9% and 8.0%. 
respectively. Likewise, RuS2-3 and NiMo/A1203 also gave the highest PHYG, but, in 
this case, RuS2 with a PHYG of 17.3% was substantially more effective than 
NiMo/AlpOg at 10.2%. The remaining catalysts and the thermal'reaction showed no 
denitrogenation and little hydrogenolysis. 

or mineralogical analogues is given in Table 3. 
available. 
degree of HYD activity as the precipitated metal sulfide. 
Cr2S3, the precipitated sulfide gave higher HYD activity and for MoS2 higher PHDN 
and PHYG. 

Solubility 

The product distribution achieved from the thermal and catalytic quinoline 
The PMH and PHDN terms are good indicators of HYD 

The catalysts can be ranked according 
RuS2-3 I NiMo/AlpOg > 

The number to the right 

A comparison of the precipitated transition metal sulfides to their commercial 
Commercial RuS2 was not 

Only in the case of US2 did the commercial metal sulfide give the same 
For both MoS2 and 

Table 3. Activity and Selectivity Comparison of Precipitated 
to Commercial Transition Metal Sulfides 

Catalyst m L 2  PHDN. PHYG. % 
None 5.0 0 . 0  0 . 0  

Cr2S-j-C 25.9 0 . 0  3.1 
MOS2-3 41.7 8.0 10.4 
MoS2-C 29.4 0 . 0  1.7 
ws2-2 30.9 0.4 2.4 
ws2-c 32.9 0 . 0  2.5 

Cr2S3-4 28.8 0 . 0  0 . 0  

Since NiMo/~lpOg and precipitated RuS2 gave comparable PMH of quinoline, the 
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catalytic activity and selectivity of these two catalysts were tested with two 
individual products from quinoline hydrogenation: 1,2,3,4- tetrahydroquinoline 
(THQ) and 2-propylaniline (PA). The two catalysts achieved similar PMH and PHDN of 
THQ. NiMo/AlgOg yielded more cis and trans decahydroquinoline (DHQ) than RuS2 
which produced more PA and nearly twice as much PHYG. When PA was used as the 
reactant, more hydrogenation and denitrogenation of PA was achieved with 
NiMo/AlpOg than RuS2. 
larger amount of PA observed in the THQ reaction with RuS2. 

The lesser ability of RuS2 to convert PA may explain the 

Table 4. Catalytic Activity of NiMo/A1203 and RuS2 in Several Reactant Systems 

Catalytic Activity with THQ as a Reactant 
Thermal NiMo/A1?03 - RuS2 

PMH of THQ, % 0.7 27.8 25.4 
PHDN , % 0 . 0  7.4 8.9 
PHYG, % 0 . 0  8.5 14.6 

Catalytic Activity with Propylaniline as Reactant 
PMH of PA, % 0.0 68.5 
PHDN, % 0 . 0  81.4 

30.1 
36.5 

Catalytic Activity with Propylaniline and Quinoline as Reactants 
PMH of PA, % 27.1 22.6 
PHDN, % 35.6 27.1 

To simulate the quinoline reaction system, 0.2 wt % quinoline was added to the 
PA solution (2 wt % ) .  Quinoline served as a leveler of catalytic activity. The 
NiMo/AlpOg was severely poisoned resulting in substantial reductions in both the 
HYD and HDN ability of NiMO/A1203 while RuS2 was affected to a lesser extent 
showing a one-third reduction in PMH and PHDN. Thus, the presence of basic 
nitrogen in quinoline and THQ reduced the inherent activity of NiKo/AlpOg to make 
NiMo/Al2Og effectively equivalent to RuS2 in both activity and selectivity in the 
quinoline system. 
Recently, a catalyst containing 40% reduced Pt on silica has been shown to be an 

active HDN catalyst (7). The HDN ability of Pt/Si02 in the quinoline model system 
was investigated at temperatures ranging from 200 to 38OoC as shown in Table 5. 
At 2OO0C, Pt/SiO2 achieved the same activity as Cr2S3 and US2 at 38OoC, with a PMH 
of -35%. 
71% PMH and 9.8% PHDN; the PHDN was similar to that of RuS2 with Pt/SiO2 at 38OoC. 
None of the products from the quinoline reaction pathway was observed; only higher 
boiling compounds were present. 
present. 

The activity of Pt/SiO2 increased with temperature up to 34OoC yielding 

Even the solvent hexadecane was no longer 

Table 5. Effect of Temperature on Activity of Pt/SiOg 
for Quinoline Hydrodenitrogenation 

0 
Temuerature. C 200 250 300 320 340 380 
M Q C I PCH 0 0 1.9 3.4 9.7 0 
o u h  I PB 0 0 0 0 0.1 0 
1 i a I DHQt 9.7 47.4 6 4 . 6  61.6 70.7 0 
e n r I DGQc 5.1 9.1 10.4 10.4 12.6 0 

o g I CHP 3.5 0.8  1.2 1.2 0.9 0 
% l e l P A  0 0 0 0 0.4 0 
i d l Q  0.9 1.0 0 0 0 0 
n I THQ 80.8  39.8 22.1 23.4 5.5 0 
e l  

PMH, % 34.0 53.4 62.1 61.8 71.3 
PHDN, % 0 0 1.9 3.4 9.8 
PHYG, % 0 0 1.9 3.4 10.2 
Recoverv. % 91.1 93.6 8 0 . 9  93.1 93.1 75.5 
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A comparison of the activity and selectivity of Pt/Si02, PtS2 obtained from Alfa 
Chemicals and precipitated RuS2 is given in Table 6. 
where Pt/Si02 showed considerable activity, PMH values of RuS2 and PtS2 showed 
equivalent HYD activity, -29 to 30%, while Pt/Si02 showed considerably more, -53%. 
None of the catalysts was able to denitrogenate quinoline and almost no 
hydrogenolysis occurred at this temperature. 

At 25OoC, a temperature 

Table 6. Comparison of the Activity and Selectivity 
of PtS2, Pt/SiOp and RuS2 in the Quinoline Model System at 25OoC 

Catalyst 
PMH, % 
PHDN, % 
PHYG, % 

W 2 - C  Pt/SiO? -1 
29.1 53.4 

0 . 0  0 . 0  
0 .0  0 .0  

- RuS 2 
29.8 
0 .0  
0.1 

Coal Liauefaction Reactions. Two precipitated transition metal sulfides, RuS2 and 
MoS2, rivaled the commercial hydrotreating catalysts, NiMo/A1203 and CoMo/A1203, 
respectively, in their ability to hydrogenate and denitrogenate quinoline. Thus, 
RuS2, MoS2, NiMo/A1203 and Pt/Si02 were chosen as catalysts in coal liquefaction 
reactions to evaluate their efficiency in hydrogenating and removing nitrogen from 
coal. 

anthracene readily cracks under catalytic hydrogenation conditions (E), some 
hydrocracked products were expected; however, the presence of nitrogen 
heterocycles in the coal system moderated catalyst activity and reduced the amount 
of anthracene hydrocracking. For some of the reactions, the total anthracene 
products, including both hydrogenated and hydrocracked species, were measured, 
accounting for a 97 to 101% recovery of anthracene in thermal reactions and in 
reactions using NiMo/A1203 and RuS2. However, when Pt/Si02 was used, only 74% 
recovery of the anthracene was achieved. With quinoline 
production of high molecular weight materials at 38OoC; this same phenomenon may 
have occurred in the coal reactions at the lower reaction temperature of 340OC. 
The product distributions obtained from thermal and catalytic liquefaction 

reactions are given in Table 7. The reactions performed at 425OC yielded nearly 
equivalent coal conversions ranging from 94.5% for the thermal reaction to 99.0% 
for the reaction with RuS2. The amount of light hydrocarbon gases produced was 
almost constant for all of the reactions yielding 15% for MoS2 and RuS2 and 14% 
for NiMo/AlpOg while the thermal reaction produced nearly 19%. Therefore, the 
liquid products produced were quite similar in all reactions, ranging from 75.8% 
for the thermal reaction to 83.3% for RuS2-5, thereby, providing a nearly 
equivalent basis for directly comparing the products from different reactions. 

THFS decreased from 20.5% for the thermal case to 9.0% for MOS2-5&7. 6.4% for 
RuS2-5 and 6.7% with NiMo/Al2Og. 
increased by more than 10% in the catalytic compared to the thermal reactions. 
Considerably more of the heavier fractions was upgraded in the catalytic reactions 
producing a higher percentage of the products in the hydrocarbon (HC). nitrogen 
heterocycle (NH), and hydroxylaromatic (HA) fractions. In Figure 2, the product 
fractions produced from the different reactions are plotted against the catalyst 
specific surface area. 
area: 17% for no catalyst, 34% for MOS2-5&7, 49% for RuS2-5 and 59% for 
NiMo/AlgOg. 
starting at 14% in the thermal reaction reaching -19.5 and 18.2% with MoS2-5h7 and 
RuS2, respectively, and decreasing to -11.0% with NiMo/A1203. Compared to the 
thermal reaction, the HA fraction decreased in the presence of the catalysts 
according to their specific surface area. 
coal-derived material in the MOS2-5&7 and RuS2 reactions was directly reflected in 
an increase in the NH and HC fractions since both the PC and HA fractions decreas- 
ed. 
metal sulfides, performed better as a HDN catalyst than did RuS2 in the coal 

Anthracene was used as the solvent for the coal liquefaction reactions. Since 

Pt/Si02 showed the 

Comparing the product distributions, the sum of the polyfunctional compounds and 

The total amount of product soluble in MCM 

The HC fraction produced followed the catalyst specific 

A maximum in Figure 2 is observed in the amount of NH produced, 

Thus, the increased solubility of the 

NiMo/AlpOj, attaining lower NH and higher HC fractions than the transition 
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system. 

Table 7. Product Distribution of Coal Liquefaction Reactions at 425OC 

Type Catalyst None MoS2-567 RuS2-5 NiM0/A1203 
Surface Area, m2/g - 24.1 81.5 174 

Temperature, Oc 425 425 425 425 
H2 Consumption, % 6.2 8.5 14.2' 15.3 

Coal Batch A A h B  B B 

g cat/g reactant 0.20 0.20 0.20 0.20 

Recovery, % 95.3 91.8 92.2 89.3 

MI GAS 18.61 15.16 15.61 13.76 
A( MlHC 17.02 34.08 48.83 58.80 

W I MlHA 24.36 20.11 10.33 6.74 
FI ClNH 13.99 19.47 18.20 11.02 

t CJ SJPC 9.70 2.98 0.61 1.82 
0) Total MCMS 65.07 76.64 77.97 78.37 

% AI THFS 10.78 6.01 5.83 4.85 
LI PC+THFS 20.48 8.99 6.44 6.67 

I IOM 5.54 2.19 1.05 3.04 
9 a i  98 9 96 95 

M A clDHA 16.11 13.36 4.00 2.17 
o N hlOHA 9.83 26.88 60.23 53.04 
1 T alHHA 58.43 38.26 17.97 16.30 

g I Total 86.97 79.05 80.49 71.51 
% elCRS 96.96 101.91 100.55 

e H rlANTH 2.61 0.20 0.0 0.0 

The anthracene hydrogenation products from the liquefaction reactions are 
plotted versus catalyst specific surface area in Figure 3. 
sequentially hydrogenated from anthracene to DHA to HHA to OHA, which then 
hydrocracks to lighter products. In the thermal reaction, 2.6% anthracene 
remained unconverted; this amount decreased rapidly below GC detectability limits 
under catalytic conditions. DHA and HHA were at a maximum in the thermal reaction 
and decreased as catalysts with increasing surface areas were used, while OHA 
showed a maximum at an intermediate catalyst surface area. 
and decrease in the sum of the anthracene hydrogenation products were due to 
hydrocracking of OHA. 
that all the anthracene could be accounted for in hydrogenated and hydrocracked 
products. 
Coal liquefaction reactions using Pt/SiO2 employed two stage processing in which 

a thermal reaction at 425OC was performed to convert most of the coal, followed by 
an hour reaction at 34OoC with Pt/Si02. The two stage reaction scheme was used to 
dissolve the coal in the first stage and possibly upgrade and eliminate some of 
the potential catalyst poisons before introduction of the catalyst. 
did not produce either a satisfactory or a reproducible suite of products. 
gas makes of -34% were observed along with substantial losses in the HC fraction. 
The THFS amount was quite large -38% compared to -5 for the transition metal 
sulfides. Analysis of the anthracene solvent accounted for only -74% of the 
original anthracene charged to the reactor, indicating production of higher 
molecular weight compounds as in the quinoline reaction. 

Anthracene is 

Both the OHA maximum 

The CRS of the anthracene products in Table 7 indicates 

The Pt/SiO2 
High 

Summary 

Two precipitated transition metal sulfides MoS2 and RuS2 possessed both HYD 
activity and HDN selectivity in the quinoline model system. These transition 
metal sulfides rivaled the commercial hydrotreating catalysts in activity; RuS2 
was comparable to NiMo/A1203 and MoS2 to CoMo/A1203. 
activity for PA hydrogenation than did RuS2; however, RuS2 was not as severely 

NiMo/A1203 possessed higher 
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poisoned by quinol ine  as  NiMo/Al203. Pt/SiO2 a t  34OoC was as a c t i v e  a c a t a l y s t  f o r  
quinoline HDN as NiMo/Al203 a t  38OOC. Both p r e c i p i t a t e d  MoS2 and RuS2 achieved 
upgrading i n  coa l  l iquefac t ion  react ions showing HYD a c t i v i t y ;  however, the  higher  
surface a r e a  NiMo/A1203 showed grea te r  HYD a c t i v i t y  and considerably more n i t rogen  
removal. 
f o r  coal HDN. 

P t /S iO2  w a s  r e a d i l y  poisoned i n  the  coa l  system and w a s  n o t  e f f e c t i v e  

Table 8. Products from Two Stage Liquefaction Using Pt/SiOp 

Catalyst  Loading H 2  Consumption, % 1.65 f 2.33 
g cat /g  r e a c t a n t  0.20 Recovery, % 111.74 f 12.95 

( f i r s t  s tage/second s tage)  
Temperature, O C  425/340 Coal Batch B 

MIGAS 33.81 f 7.15 \ M A  c\DHA 4.48 & 0.78 
A l M l H  -9.57 & 11.96 I o N hlOHA 40.92 f 1 . 8 2  
FlClNH 19.13 f 3.85 I 1 T alHHA 14.79 f 1.90 

w I M l M  24.09 f 1.08 I e H rlANTH 0.0 f 0.0 
t ClSlPC 4.95 & 0.81 I glTotal  60.18 f 4.50 

O(Tota1 MCMS 38.95 & 16.09 \ % e\CRS 73.97 f 10.85 
% AlTHFS 33.29 f 17.92 I dl 

LI PC+THFS 38.24 f 18.72 I 
1 I O M  -5.69 f 8.97 I 
Iconversion 105.69 + 8.97 I 
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Introduction 

Previous studies (1,2) of catalyst samples from the Wilsonville 
Advanced coal Liquefaction R&D Facility have shown that the initial 
rapid catalyst deactivation was due to the buildup of carbonaceous 
deposits on the catalyst. Greater than 75% of the catalyst's 
hydrogenation (HYD) activity was lost as soon as coal processing 
began (2). Variations in the amount of carbonaceous deposits (1) on 
the catalysts from several different Wilsonville runs, which used two 
different coals and three process configurations, were due to the 
process configuration but not the coal type. The heaviest 
hydrotreater feed (from the Reconfigured Integrated Two-Stage 
Liquefaction configuration) in the Wilsonville runs, yielded the most 
accumulation of carbonaceous deposits on the catalyst and therefore 
the greatest deactivation (1). Hydrotreating this feed resulted in an 
initial 67% loss of hydrodesulfurization (HDS) activity: 
hydrotreating the lightest feed (from the Double Integrated Two-Stage 
Liquefaction configuration) yielded only a 47% decrease in HDS 
activity. 

As a result of the work on Wilsonville catalysts, a program has 
been initiated to identify the hydrotreater feed components that are 
most harmful to the catalyst. Previous studies ( 3 )  to determine the 
impacts of the various chemical classes of compounds found in a 
hydrotreater feed on catalyst activity showed that the aliphatic and 
neutral polycyclic aromatic compounds yielded much less deactivation 
than the total hydrotreater feed and the nitrogen polycyclic aromatic 
compounds (N-PAC) and hydroxy polycyclic aromatic hydrocarbons (HPAH) 
yielded much greater deactivation. The N-PAC yielded a 95% loss of 
extrudate activity with 98% of the active sites poisoned. The 
activity losses for all of these fractions were due to poisoning of 
active sites and decreased effective diffusivities. Chemical analyses 
of the HPAH and N-PAC fractions showed that both contained 
significant amounts of oxygen and nitrogen so that the individual 
effects of the nitrogen and oxygen compounds could not be separated. 
Therefore, additional studies (4) were performed using both nitrogen 
and hydroxy model compounds. Hydrotreating phenol and 1-naphthol 
yielded only about 35% losses in extrudate activity. Hydrotreating 
indole, a weak basic pyrrolic nitrogen compound, yielded a 50% loss 
and carbazole, a neutral pyrrolic compound, yielded a 24% loss. In 
contrast, pyridinic nitrogen compounds (pyridine, quinoline, 
acridine) yielded about 75% losses. These results showed that the 
strong basic nitrogen compounds are most harmful to the catalyst. 

due to hydrotreating pyridinic compounds. Quinoline was chosen as the 
model compound for this study because it represents a type of 
nitrogen compound present in coal-derived materials, and a 
hydrodenitrogenation (HDN) reaction network has been proposed for 

* This work supported by the U.S. Dept. of Energy at Sandia National 
Laboratories under Contract DE-AC04-76DP00789. 

The current work involves determining the causes of deactivation 
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this compound (5,6). In the proposed reaction scheme, at low 
temperatures, quinoline is hydrogenated to 1,2,3,4- 
tetrahydroquinoline (PyTHQ). PyTHQ is cracked to 0-propylaniline 
(OPA), and then the nitrogen is removed, as ammonia, to give 
propylbenzene (PBz). At high temperatures, the hydrogenation of 
quinoline to 5,6,7,8-tetrahydroquinoline (BzTHQ) also becomes 
important. BzTHQ is further hydrogenated to decahydroquinoline (DHQ), 
which is then cracked and denitrogenated to yield mostly 
propylcyclohexane (PCH). PyTHQ can also be hydrogenated to DHQ and 
OPA can also be hydrogenated and denitrogenated to PCH. 

to hydrogenating quinoline will cover the impact of process 
conditions on deactivation and the determination of the effects of 
the reaction scheme intermediates and products on deactivation. 

The initial work reported here on the causes of deactivation due 

Experimental Procedures 

Quinoline was hydrogenated under a variety of conditions to 
determine the effects of process variables on catalyst deactivation. 
In addition, each of the intermediates formed during quinoline HDN 
was catalytically hydrotreated and the resultant deactivation 
measured. The aged catalysts were characterized and the intermediate 
compounds and products reported for the HDN reaction scheme (5) were 
quantified. 

Materials 
The catalyst was Shell 324M with 12.4 wt% Mo and 2 . 8  wt% Ni on an 

alumina support in the form of extrudates measuring about 0.8 mm in 
diameter and 4 mm in length. Prior to use the catalgst was 
presulfided with a 10 mol% H S in H mixture at 4 0 0  C and atmospheric 
pressure for 2 hours. The stgucture2 of the model compounds used in 
this study are shown in Table 1. 

Hydrotreating Experiments 
Each hydrotreating experiment was performed in 26 cc batch 

microreactors with 1200 psig H cold charge pressHre. Runs were made 
for either 5 minutes or 120 mdutes at either 300 C or 40OoC. Unless 
otherwise stated, experiments were performed with 1.59 of model 
compound and 0.59 presulfided catalyst. The aged catalysts were 
Soxhlet extracted with tetrahydrofuran prior to activity testing. 
Elemental analyses were performed on the extracted aged catalysts. 

Activity Testing 
Hydrogenation activities of fresh and aged catalysts were 

determined by measuring the rate of hydrogegation of pyrene to 
dihydropyrene in 26 cc microreactors at 300 C with 450 psig H cold 
charge pressure (7). Experiments with whole extrudates and ca$alyst 
ground to -200 mesh enabled determination of the losses of extrudate 
and intrinsic activities ( 8 )  respectively. Loss of intrinsic activity 
is proportional to the loss of active sites. 

Liquid Product Analyses 

reaction network (5) were identified using GC/MS and quantified using 
GC analysis with commercially available compounds as standards. 

Intermediates and products reported for the quinoline HDN 

I 
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Results and Discussion 

Activity Testing 

with quinoline at 300 C and 400 C for 5 minutes and 120 minutes are 
given in Table 2. The catalysts from all these runs had extrudate 
activity losses ranging from 73 to 84% and intrinsic activity losses 
from a5 to 9 4 % .  The differences in the measured extrudate activities 
of the catalysts from the two times at a given Semperature are.not 
significant. However, the catalyst from the 400 C run for 180 minutes 
is slightly more deactivated than the catalyst from the 300 C run for 
5 minutes. The intrinsic activity losses for the catalysts from the 
quinoline runs are all the same within experimental error. These 
results show that deactivation occurs very rapidly and that 
significant changes in time and temperature have little effect on the 

tested using quinoline at 300 C for 120 minutes. A run with a 1:l 
ratio yielded a 64% extrudate activity loss, whereas runs with 1:3 
and 1:9 ratios gave 76% and 77% losses respectively. These results 
suggest that a higher catalyst to quinoline ratio yields less 
deactivation, which is probably due to the greater number of active 
sites relative to the amount of deactivating compound. 

two products (PBz, PCH) were each hydrotreated with catalyst at 300 C 
for 5 minutes and 120 minutes. The measured extrudate and intrinsic 
activity losses are given in Table 3 .  The results show that for the 5 
minute runs, the three hydrogenated species (PyTHQ, BzTHQ, DHQ) 
yielded comparable deactivation (about 70% extrudate activity loss) 
to hydrotreating quinoline. For the 120 minute runs, quinoline, DHQ, 
and BzTHQ yielded comparable activity losses to the 5 minute runs: 
PyTHQ yielded significantly less deactivation (53%). With both run 
times, OPA caused less deactivation than the other intermediates and 
PCH caused the least deactivation. PBz caused deactivation by a 
different mechanism than quinoline, PCH or the intermediates as 
indicated by the low amount of active sites poisoned. The 52% 
extrudate activity loss caused by PBz may be due to diffusional 
limitations caused by the deposition of carbonaceous material in the 
outer regions of the catalyst. This is a different mechanism than 
observed for quinoline so that this compound is not important in 
quinoline deactivation. The results of the hydrotreating experiments 
with the intermediate compounds and products indicate that greater 
deactivation is correlated with the hydrogenated intermediates 
(PyTHQ, BzTHQ and DHQ) and quinoline. It is not known why PyTHQ 
causes less deactivation at the longer time: it may be due to the 
greater reaction of PyTHQ at the longer time (see below). 

Elemental Analyses of the Catalysts 
There is a correlation between the carbon contents of the aged 

Catalysts (Table 4 )  and deactivation. Quinoline, PyTHQ, BzTHQ and DHQ 
caused the most deactivation and gave the highest carbon contents. 
PCH yielded the least deactivation and gave the lowest carbon 
content. However, it appears that above a certain carbon content, 
when the catalyst is significantly deactivated, additional 
carbonaceous deposits do not have much effect on activity. For 
exae)Ple, aged catalyst from the 120 minute run with quinoline at 
300 C has about a 30% higher carbon content than the catalyst from 
the 5 minute run and yet they both are equally deactivated. 

The measured extrudate and antrinsic activity losses for the runs 

' extent of deactivation. 
Effects of variations in &he catalyst to reactant ratio were 

The four intermediate compounds (PyTHQ, OPA, BzTHQ, DHQ) and th% 
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Liquid Product Analyses 
Quantitative analgses of thg liquid products from the quinoline 

runs performed at 300 C and 400 C for 5 minutes and 120 minutes are 
given in Figure 1. The amount of unidentified components (components 
that are not intermediates o r  products in the reported quinoline HDN 
reaction scheme (5)) is equal to 100% minus the height of the bar. 
The quantity of unigentified compounds increased with both time and 
temperature. At 300 C for 5 minutes, 19% of the liquid product was 
unidentified whereas at 4OO0C for 120 minutes 86% was unidentified. 
These results indicate that side reactions occur to a greater extent 
under mare severe reaction conditions. The product distribution for 
the 300 C run for 5 minutes also shows that the hydrogenation of 
quinoline to FyTHQ was very rapid. Increasing time and/or temperature 
yielded more OPA. None of these runs gielded significant 
concentrations of PBz or PCH. The 480 C run products show a higher 
concentration of BzTHQ than the 300 C runs in agreement with previous 
results (5). 

The product distributions for the run with a 1:l quinoline to 
catalyst ratio had 54% unidentified product, whereas the runs with 
1:3 and 1:9 ratios had 44% and 24% respectively. Therefore, a higher 
catalyst to quinoline ratio yields more side reactions. The product 
distributions also showed increasing concentrations of OPA and PCH 
with increasing catalyst to quinoline ratios. 

The product distributions for the 5 minute runs with the 
intermediates and products showed no significant amount of 
unidentified material. In addition, the only significant reaction 
that occurred in any of these runs was the hydrogenation of BZTHQ to 
about 15 wt% DHQ. In the 120 minute runs (Figure 2), PyTHQ, DHQ and 
BzTHQ yielded 29%, 19% and 9% unidentified product respectively. 
In addition, PyTHQ formed more OPA, DHQ and PCH. OPA yielded more 
PCH. PBz was hydrogenated to a significant amount of PCH, and BzTHQ 
was hydrogenated to DHQ. 

There is no correlation between the amount of deactivation and 
the amount of unidentified material in the liquid product. This is 
shown by the results of the quinoline runs in Table 2 and Figure 1. 
In addition, the 1:l catalyst to quinoline run yields less 
deactivation than the 1:3 run, but yields more unidentified material. 

The rapid deactivation due to hydrotreating quinoline and the 
hydrogenated heterocyclic intermediates may be due to the low 
reaction rates af the intermediate compounds to denitrogenated 
products at 300 C. Some of the intermediates (PyTHQ and DHQ) are 
strong basic compounds (9). Therefore, these compounds would be 
strongly adsorbed on the catalytic sites causing site blockage. 
Additional studies are underway to evaluate the effgcts of 
hydrotreating the intermediates and products at 400 C and to 
characterize the deposits on the aged catalysts. 
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Table 1. Model compounds. 

Quinoline PyTHQ OPA PBz 

OQ q a::; ac'n' 
BZTHQ DHQ PCH 

CQ 0""' 

Table 2 .  Fraction of measured extrudate and intrinsic activity losses 
for the runs with quinoline. Results are relative to fresh 
presulfided catalyst. 

EXTRUDATE INTRINSIC 
TEMPERATURE OCL - 5 min 120 min 5 min 120 min 

300 0.73 0.76 0.89 0.89 
400 0.80 0.84 0.85 0.94 

Table 3. Fraction of measured extrudate and intrinsic activity losses 
for the 3OO0C runs with the intermediates and products. 
Results are relative to fresh presulfided catalyst. 

REACTANT 
PYTHQ 
OPA 
PBz 
BZTHQ 
DHQ 
PCH 

EXTRUDATE INTRINSIC 
5 min 120 min 5 min 120 min 
0.70 0.53 0.85 0.80 
0.54 0.47 0.66, 0.66 
0.52 0.53 0.22 0.27 
0.75 0.66 0.88 0.83 
0.68 0.67 0.82 0.78 
0.14 0.21 0.37 0.35 
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Table 4 .  Carbon contents  of the  aged c a t a l y s t s  from the  3OO0C runs 
reported a s  weight percents. 

Ouin PvTHO OPA BZTHO DHO PCH 
1 2 0  min 6 . 3 6  NA* 3 . 4 3  2 . 4 9  4 . 7 6  4 . 1 9  1 .99  

5 min 4 . 8 1  4 . 2 5  3 . 8 6  2 . 2 8  5 . 1 9  4 . 0 7  1 . 8 1  

* Not analyzed. 
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Figure 1. Liquid product analyses from t h e  runs with quinoline.  
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INTRODUCTION 

As reported earlier (l), monitoring time-dependent changes in Wilsonville 
coal-derived liquid (CDL) streams by means of computer-assisted direct mass 
spectrometry (MS) techniques enables detection of process related trends in the 
relative concentration of CDL components. Notwithstanding the potentially high 
information yield of this MS procedure, additional data is required for unam- 
biguous identification and interpretation of some of the more complex components 
or trends. In fact, the CDL's produced by the Wilsonville pilot plant are 
routinely analyzed by an extensive array of conventional tests, including ele- 
mental analysis and solubility classes, as well as by advanced chromatographic 
and/or spectroscopic techniques, e.g., proton nuclear magnetic resonance 
spectroscopy (NMR) and carbon-13 NMR. 

Unfortunately, the sheer volume of the data produced by this broad array of tests 
during a 2 to 3 month run makes it very difficult to discern some of the more 
interesting trends and effects. In the experiments reported here computerized 
multivariate analysis techniques such as factor, discriminant and canonical 
correlation analysis, were used to remove redundant data or experimental noise and 
to highlight relevant components and trends. 

EXPERIMENTAL 

A schematic flow diagram of the Wilsonville Advanced Coal Liquefaction facility in 
the Integrated Two-Stage Liquefaction (ITSL) mode is shown in Figure 1. The feed 
to the second stage hydrotreater is a mixture of thermal distillate (450OF+) and 
Critical Solvent De-ashed Thermal Residue (CSD TR). The hydrotreater "atmospheric 
flashed bottoms" stream is recycled to the first stage dissolver. 
temperature/time profile of the hydrotreater as well as a seven day average of the 
difference (AT) between the outlet and inlet temperature of dissolver are shown in 
Figure 2. The hydrotreater temperature was increased in lOOF increments from 
72OoF to 740OF as the catalyst aged. However, as shown in Figure 2, several 
times during the run, operator responses to technical problems caused the actual 
hydrotreater temperature to be much lower than the set temperature. 
intended that the dissolver temperature be control 1 ed primarily by the temperature 
of the preheated coal slurry, which flows from a preheater into the dissolver. 

The data presented here were generated for samples collected during run No. 244 at 
the Wilsonville pilot plant when they were processing an Illinois No. 6 coal from 
a Burning Star mine. The average composition of the coal was: proximate analysis - VM 36%, FC 50%, moist. 4%, ash 10%; ultimate analysis - C 68.2%, H 4.5%, N 1.2%, 
S 3.3, mineral matter 10.6%, 0 (diff.) 12.2%. The sampling points for both 
hydrotreater feed and hydrotreater product (atmospheric flashed bottoms) samples 
are shown in Figure 1 and the days on which samples were collected are indicated 
in Figure 2 .  For consistency with earlier work (l), that numbering system was 
retained; unfortunately, the NMR and conventional data were not available for 
sample nos. 2 ,  3, 4, 12, 13 and 14. Therefore these samples were omitted from 
this data set. 

The 

It is 
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Elemental carbon, hydrogen and nitrogen values were obtained using a LECO CHN-600 
analyzer (2). 
zucher method (3), and sulfur determinations were made on a LECO SC-132 instrument 
(4). The sol ubi 1 i ty class (oi 1 s ,  asphal tenes, preasphal tenes) and phenols deter- 
minations were described in detail elsewhere (5,6). Vacuum distillations utilized 
a modified ASTM D-1160 apparatus that was maintained at approximately 0.1 mmHg 
during the distillation. Following standard practice, the distillation was 
considered to be complete when cracking became noticeable. 

Proton NMR samples were prepared by diluting approximately 0.25 g of the COL with 
0.25 ml of CDC13 which was doped with 1 wt. % TMS (tetramethyl silane). Spectra 
were recorded on a Varian EM-390 instrument. A minimum of two integrations were 
recorded for the proton regions determined. The proton spectra were divided into 
seven regions which correspond to different proton type resonances (7). Samples 
for carbon 13-NMR were prepared by diluting 1.5 g of the COL with 1.0 ml of 
CDC13. Spectra were 
recorded with a Varian FT-80 spectrometer over a 4000 Hz spectral window at 20 MHz. 
Integrals were obtained in duplicate. 
an aliphatic (0-50 ppm) and an aromatic region (100-200 ppm) (8). 

Solutions for low voltage MS were prepared as follows: about 2 mg of each CDL were 
weighed and dissolved in 1 ml of a 1:l benzene:methanol mixture. Solutions were 
stored at -10 OC prior to analysis. 
Extranuclear 5000-1 quadrupole system under the following conditions: temperature 
rise time 5.5 s,  equilibrium temperature 610 OC, total heating time 10 s ,  
electron energy setting 12 eV, mass range scanned m/z 20-260, scanning rate 1000 
amu/s, total scan time 20 s. Each sample was analyzed in triplicate and the 
resulting spectra were normalized using the SIGMA program package (9). 

Data analysis was performed using factor analysis and canonical correlation 
analysis procedures, described elsewhere in more detail (10,ll and 12). Canonical 
correlation analysis was used to compare two data sets, e.g., on the basis of 
factor scores. The canonical correlation technique constructs sets of 1 inear 
combinations of the variables in the two data sets in such a way that the first 
linear combination (canonical variate function) for the first data set and the 
first linear combination of the second data set show maximum correlation. The 
second set of linear combinations describes the maximum correlation remaining in 
the data set and so on. 

Direct oxygen determinations were obtained by a modified Untera- 

Five mg of Cr[acac]j was added as a relaxation agent. 

The carbon 13-NMR spectra were divided into 

Low voltage MS were obtained using an 

RESULTS AND DISCUSSION 

Figure 3 shows the averaged low voltage mass spectra of the hydrotreater feed and 
hydrotreater product (flashed bottoms). The hydrotreater feed spectrum shows 
relatively prominent peak series at m/z 168, 182, 196, 210 and 224, tentatively 
identified as acenapthenes and/or biphenyls with various of alkylsubstitution. The 
hydrotreater product spectrum shows major peak series at m/z 172, 186, 200, 214, . 
and 228; these are believed to represent hydroaromatic hydrocarbons such as 
octahydrophenanthrenes and/or hexahydrofluorenes with possible contributions from 
tetrahydroacenaphthenes. 

Other homologous ion series at m/z 212, 226, 240, 254 in the hydrotreated product 
spectrum obviously represent decahydropyrenes and perhaps decahydrofl uoranthenes. 
Although there is no direct way to identify the various mass peaks in Figure 3 ,  all 
major compound series were tentatively identified by GC/MS as well as MS/MS 
analysis o f  selected samples and compounds as well as by comparisons with GC/MS 
literature data on Wilsonville CDL's (13,14). Close scrutiny of Figure 3 may raise 
the question why the main compound series observed in the hydrotreater product does 
not correspond directly to the main compound series in the hydrotreater feed? 
obvious answer is that the hydroaromatic compounds formed during hydrotreatment are 

An 
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substantially more volatile than the corresponding aromatic parent compound 
series. 
atmospheric distillation overhead fraction (see  Figure 1). 

A second aspect which should be pointed out here is that the spectra in Figure 3 
represent only the CDL components which were able to reach the ion source without 
preheating the MS inlet system. Consequently, compounds with about 5-rings and 
higher are not included in Figure 3. However, as established in a separate series 
of experiments (1) involving preheating of the MS inlet as well as comparisons with 
Field Ionization MS data obtained at SRI, differences seen in Figure 3 are quite 
characteristic and representative of the overall changes observed as a result of 
hydrotreatment even if these higher'components had been volatilized. 
words, the changes observed for the 2-4 ring systems in Figure 3 were qualitatively 
similar to those observed in higher condensed compound series. 

To enable more systematic comparisons among the spectra of all 14 samples, the low 
voltage MS data were subjected to factor analysis. Figure 4 shows the factor score 
plot of the first two factors, together explaining 74% of the total variance in the 
data. The hydrotreater feed (categories 1-10) and hydrotreater product (categories 
11-20) samples form two distinct clusters. In fact, Factor I and Factor 11, with 
64.4% and 9.6% of total variance respectively, appear to reveal two major trends in 
the data set; namely a hydrotreatment effect (Factor I) and a time + temperature 
effect (Factor 11, compare with the time + temperature trend in Figure 2). Factors 
I and I1 explained 74% of the total variance in the data whereas the remaining 26% 
was largely explained by factors 3-10, none of which revealed significant 
components or trends. 

Conventional coal liquid characterization data as well as 1H and 1% NMR data 
obtained for both sets of samples are shown in Table I. 
treatment are immediately apparent upon inspection of many of the parameters in 
Table I .  However, neither the time + temperature trend, observed i n  the low 
voltage MS data nor any of the other trends which might be present are readily 
discernible by visual examination of the multidimensional information in Table I .  
Consequently, multivariate statistical analysis techniques such as factor analysis, 
are needed to 

To obtain a better insight into the components and trends described by the NMR and 
conventional data, factor analysis was performed on this data set as well. Eight 
factors with eigenvalues >1 .O, together describing a total variance of 98.6% were 
obtained. 
I (57.4%) and Factor I1 (13.6%) revealing the hydrotreatment effect and time + 
temperature effect respectively. Again, the remaining factors (27.6%) did not 
reveal any clear trends or components. Encouraged by the obvious similarities 
between the information provided by Figures 4 and 5, we determined the degree of 
overlap between the two data sets by means of canonical correlation analysis. 

Two major canonical correlation functions were found, CVI (can. corr. = 0.998) and 
CVII (can. corr. = 0.946). The integrated score plot of both data sets is shown in 
Figure 6. To reduce the complexity of the low voltage MS data, the average o f  each 
triplicate analysis was plotted. As expected, the same two important trends were 
observed with CVI showing the effect of hydrotreatment and CVII describing a 
combined time + temperature effect. 

Figure 7 shows the absolute difference between the CVI scores of hydrotreated feed 
and hydrotreated products of low voltage MS and conventional and NMR data; this 
enables a more direct evaluation of the efficiency of the hydrotreatment process to 
be made. 

Consequently, many of these low boiling volatiles are removed in the 

In other 

The effects of hydro- 

reduce the data and reveal the main underlying trends. 

The score plot of the first two factors is shown in Figure 5 with Factor 

Apparently, the differences between the composition of the hydrotreater 
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feed and the hydrotreater product sample become somewhat less pronounced towards 
the end of the run, indicating a loss of hydrotreatment efficiency with time. 

Finally, Figures 8 and 9 allow a more detailed chemical evaluation of the trends 
and components represented by CVI and CVII. 
spectra of CVI (hydrotreatment effect) and CVII (time + temperature effect) are 
shown in Figure 8. 
representative of the hydrotreater feed, show prominent acenaphthene and/or 
biphenyl series at m/z 168, 182, 196, 210, and 224 (compare with Figure 3a) as well 
as naphthalene series at m/z 142, 156, 170, 184, and 198. The negative components 
show dominant hydroaromatic ion series at m/z 172, 186, 200, 214, and 228 as well 
as at m/z 212, 226, and 240 (also observed in Figure 3b). 

Interpretation of the spectrum of the second canonical variate function in Figure 
8b is less straightforward. Obviously, we are looking at a shift in the average 
molecular weight of the vacuum distillate fraction that is seen by the mass spec- 
trometer. As discussed above, the upper limit of the vacuum distillate range is 
primarily determined by the inlet temperature of the mass spectrometer. 
versely, the lower limit of the distillation range must be primarily determined by 
the cut-off point of the atmospheric distillation following hydrotreatment. 
cut-off point is likely to reflect the steadily increasing hydrotreater temperature 
shown in Figure 2. Consequently, the early samples tend to be richer in low MW 
components than the later samples obtained at higher hydrotreater temperatures. 
This appears to be reflected in the trend shown in Figure 8b. Whether Figure 8b 
also reflects the effect of catalyst aging, e.g. in the form of changes in 
qualitative composition is hard to decide due to the close correlation between time 
and temperature in the overall experimental design shown in Figure 2. Moreover, 
minor but definite changes in overall coal quality, e.g., as a result of storage 
and/or variations in mine output, could also have contributed to the observed 
trends, thereby further complicating attempts at unambiguous chemical inter- 
pretation. Obviously, if these effects are to be distinguished in future studies, 
the experimental design of the process conditions will need to be aimed at 
decoupling the effects of catalyst aging, reactor temperatures, distillation 
conditions and changes in feed coal composition. 

The loadings (correlation coefficients) of the NMR and conventional variables on 
the first canonical variate function are shown in Figure 9a. Heteroatomic 
concentrations (N, S ,  0), asphaltene and benzene insolubles as well as the relative 
concentration of all condensed and noncondensed aromatic protons and aromatic 
carbon are higher in the hydrotreater feed than in the product samples. Con- 
versely, %C, %H, oil yield, relative concentration of alkyl and cyclic protons 
(H-NMR) and aliphatic carbons (carbon 13-NMR) are, as expected, higher in the 
hydrotreater product (flashed bottoms). 

Loadings of NMR and conventional data on CVII (Figure 9b) show that hydrotreater 
temperature (T), dissolver temperature (AT) and time (t) show a strong, positive 
correlation with CVII (negative portion). With increasing time and temperature, 
more hydrogen is present in the nondistillate fraction which could reflect 
decreased catalyst efficiency; that is, the hydrocracking activity decreases 
relative to the hydrogenation activity. 
not removed as efficiently in the later days of the run. 
to be higher in the early days may well be due to phenols at m/z 136, 150, 164 or a 
pseduocorrelation caused by the normalization of %C, H, N, 0 to 100%. Also 
distillate yields are higher in early days, whereas the nondistillate portion 
increases in later days. 1H-NMR data show higher alkyl beta and gamma protons in 
early days. The low voltage MS data in Figure 8b indicate that this might be due 
to the presence of highly substituted tetralins and phenols. Conversely, the 
1H-NMR data show that the relative concentration of cyclic alphas and some type 
of cyclic beta hydrogen increases in later days; the higher hydroaromatics in low 

The mathematically extracted mass 

The positive components of the spectrum Figure 8a, 

Con- 

This 

Moreover, heteroatoms such as N and S are 
The fact that %O appears 
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voltage MS (Figure 8b) could account for this. Overall, the time + temperature 
trend represented by CVII indicates a loss of catalyst efficiency accompanied by 
decreased distillate yield, increased aromaticity and ring condensation and a 
substantial increase in hydrogen in the nondistillate fraction. 

A speculative interpretation of the latter observation has catalyst aging producing 
a more pronounced loss of bond cleavage activity than of hydrogenation efficiency, 
thus resulting i n  the formation of alicyclic structures which remain in the 
increasingly larger nondistillate fraction. 
that a loss of efficiency in capping newly formed radicals leads to an increased 
condensation through regressive reactions. 
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TABLE I 
AVERAGED NMR AND CONVENTIONAL CHARACTERIZATION DATA FOR HYDROTREATER FEED 

AND HYDROTREATER PRODUCT SAMPLES 

i 

onventional Hydrotreater Hydrotreater' NMR Hydrotreater Hydrotreate 
Parameters* Feed Product I Parameters' Feed Product 

(X)  ( W  , ( W  ( W  

88.7020.13 

88.6720.37 
88.82~0.28 

7.6720.07 
8.8520.25 
5,6920.08 

0.8320.06 
0.469.02 
1.9820.07 

0.4120.01 
0.24+0.02 
0.5920 .02 

2.3820. 12 
1.62+0.12 
3.0620.31 

Phenols 1.2720.30 

oistiilate 56.1323.53 

Nondisti 1 late 43.8723.53 

oils 58.28i1.60 

Asphal tenes 30.0221.44 

Benzene Insol. 11.70t1.53 

88.89+0.19 
89.2520.14 
89.0820.41 

8.7320.23 
9.7620.09 
6.1320.25 

0.70+0.12 

1.6850.07 

0.1820.05 
0.0320.01 
0.4920 2 5  

1.51+0.12 

2.6320.58 

0.3620.14 

0.29t0.04 

0.6720.08 

1 18.01+1.16 12.01+1.06 
Condensed 12 12.00~0.76 7.8520.53 
Aromatics 3 26.1823.59 19.8924.80 

1 8.26+1.21 6.0020.57 
Noncondensed 12 9.95z1.33 4.8120.33 
Aromatics 3 10.0921.93 7.3421.98 

1 17,3320.76 17.7320.65 
Cyclic 2 13.08+1.64 14.7021.72 
Alpha I3 18.7751.67 19.7620.82 

1 9.8920.71 10.0320.29 
A1 kyl 2 10.50+0.60 9.2720.49 
A1 pha 13 10.9550.63 11.03+o.54 

1 13,7322.48 20.1920.35 
Cyclic 2 16.41+0.75 20.3521.28 
beta I3 13.52~0.71 16.4221.35 

1 20.61+0.95 21.2220.66 
2 22.54+0.70 24.3120.77 

beta 3 12.8621.02 13.5821.56 
Alkyl I - 

65.2924.24 

34.7124.24 

15.7952.90 I 

I 

' Gama 
20.42+2.28 ' Aliphatic 2 52.8151.64 64.2022.16 

I Aromatic 2 33.23+1.55 24.1621.53 
3.79t1.10 i Aromatic 12 13.9751.49 11.64t1.47 - 

I 

*(1) total sample, (2) distillable, and (3) nondistlllable fraction. 

- - .  - 

Coal Slurry 

"2 'thermal 
hyd mpena t i on 

DE-ASHER 

critical solvent Ash Concentrate 
deashing 

samplina point A ("hydmtreater feed") 

HYDROTREATER 

catalytic 
hydrogenation 

sampling point B ("hydmtreater product") 

F i g u r e  1. W i l s o n v i l l e  
I n t e g r a t e d  Two Stage 
L i q u e f a c t i o n  ( ITSL)  
p rocess  ( s i m p l i f i e d  
scheme). 
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m / i  
Figure 3 .  Averaged low voltage mass spectra of the hydrotreater feed ( a )  and 
hydrotreater product ( f la sh  bottoms) ( b ) .  

treater ( - - )  as well a s  a 
seven day average of the 
difference ( A  T) between 
the out l e t  and i n l e t  
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F I  (64.41 var.) 
-1.3 

Figure 4. Factor score plot o f  low 
voltage MS data in the Factor I and 
Factor I 1  subspace. Triplicate analyses 
o f  the same sample are connected by 
solid lines. For sample codes see 
Figure 2. 
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Figure 5. Factor score plot o f  NMR and 
conventional data in the Factor I and 
Factor I 1  subspace, showing two cluster 
hydrotreater feed (1-10) and hydrotreater 
product(11-20). For sample codes see 
Figure 2. 

-1.5 PI (57.48 -.I 1.1 

can. carp. - 0.95 (= 1; ; 

4 I 
HYDROTREATMINT EFFECT 

C V I  

Figure 6. (a) Scores of low voltage MS ( 0 )  and scores of NMR and conventional 
data (A) in the CVI and CVII subspace. 
sets. (b) Interpretation o f  the major trends in the CVI-CVII subspace. 

Note the correlation between two data 
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( a )  hydrotreatment e f f e c t  

2 . 5  1 

1.5 - 

2 .0  - 

o.o-, 

w -  
U 
f 2 . 0 -  

I 
( l a t e r  sampler1 h igh  temp.) 

0.12 3 

(a)  Hydrotreatment effect 

(hydrotreater-feed pattern) 

. 

(hydrotreater-product pattern) 

Figure 8. Mathematically extracted spectra of low voltage MS on CVI rotation (a) 
and CVII rotation (b). 
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CONVERSION OF TETRALIN TO NAPHTHALENE DURING COAL LIQUEFACTION: 
A COAL RANK PHENOUENOB? 

B. Chawla, R. Keogh and 8. H. Davis 

Kentucky Energy Cabinet Laboratory 
P. 0. Box 13015 

Lexington, KY 40512 

ABSTRACT 

Since coal conversion, in the presence of tetralin (a donor solvent), is 
believed to be a coal rank phenomenon, it seemed worthwhile to determine the 
role of rank upon conversion of tetralin (TI to naphthalene (N) during coal 
liquefactions at 385O, 427O and 445OC. The THF soluble fractions, 
containing T and N, were analyzed using a high performance liquid 
chromatographic technique. The TIN ratios, for eight coal samples of 
different ranks, showed a direct relationship between the coal rank and the 
T/N ratio. The conversion of tetralin to naphthalene was lowest €or the 
highest rank coal, and vice versa. 
obtained €or reaction times ranging from 5 to 65 minutes. 

The T/B ratio versus rank relationship was 

INTRODUCTION 

Coal liquefaction processes have been studied in the presence of hydrogen 
donor as well as non-hydrogen donor solvents during the last five decades 
(e .g .  1-14). Two generally accepted pathways (5, 6, 14-17) for H-transfer 
from a donor solvent (tetralin) to coal during coal liquefactions are shown in 
equations 1) to 4). 

Pathway I 

coal - R. (coal radical species) a + 4R.- 
1) 

2 )  

Pathway I1 

Thermal and H-abstraction$ Cleavage 

+ a c 
3 )  C 

H, Rich 
Portion H H  

Nc 1 H Re-Addition 
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Higher coal conversions in the presence of donor solvents have established 
that no matter which pathway dominates, the solvent hydrogen donor ability 
plays an important role in the process of coal liquefaction. However, only a 
small fraction of the research efforts, which are presently being made towards 
coal liquefaction processes, is being devoted for understanding the fate of 
H-donor solvent. 

Tetralin (a donor solvent) involvement during coal liquefaction processes 
is indeed highly complex (3, 4, 16, 18) and produces various compounds such as 
naphthalene, 1-methylnaphthalene, 1-methylindane, indane, indene, 
butylbenzene, dimers and Cg - C11 hydrocarbons, etc. However. the major 
component of tetralin conversion is naphthalene. In order to determine the 
role of coal rank upon conversion of tetralin (TI to naphthalene (N), we 
report in this paper our results on T/N ratios for liquefaction of eight coals 
of different ranks at 385O, 421° and 445OC. 

EXPERIHENTAL 

The liquefaction experiments were conducted in a microautoclave reactor of 
50 ml capacity. 
dried overnight under vacuum of about 25 inches of Hg at 8O-9O0C), 7.5g of 
tetralin and a steel ball (lI4" dia.) for mixing. The system was pressurized 
with 800 psi of H2 at ambient temperature (ca. 2000 psi at 445OC) and 
immersed in a heated sand bath for the desired reaction time. Typically, it 
required less than two minutes to reach the desired reaction temperature. To 
ensure thorough mixing of ingredients, the shaker speed (vertical) was set at 
400 cpm. At the end of the experiment, the reactor was inserted in a cold 
sand bath. Once the reactor had come back to ambient temperature (within two 
minutes), the unreacted Hq and other gases were slowly released. 
products were removed from the reactor using tetrahydrofuran (THF) and were 
extracted in Soxhlet equipment to obtain the coal conversion. The extraction 
was continued for about 24 hours or more until the liquid extract obtained was 
clear. 

The microautoclave was charged with 5g of coal (-100 mesh, 

The 

The THF soluble reactor products were analyzed by a high performance 
liquid chromatographic (HPLC) technique. The technique requires only the 
stirring of resulting reactor products overnight with excess of THF and then 
injecting the THF filtrate into the HPLC system. The ratio of peak areas 
(number of counts) of tetralin and naphthalene can be used to obtain the TIN 
ratio directly (without knowing solution concentration) from a linear 
calibration plot of Tarea/Narea versus TIN (see Figure 1). 
was developed by optimizing the conditions for the analysis of the THF soluble 
reactor products: 

This technique 

GO lumn : Supelcosil, LC-PAH (25cm x 4.6m) 
Mobile Phase: THF: H20, 40:60 
Flow: 0.9 mllmin 
Detector: UV, 3254 (nm) 

The performance of the HPLC system was checked against a standard mixture 
of uracil, acetophenone, benzene and toluene with CH30H:H20, 60:40 as a 
mobile phase with a trpical flow rate of 1 ml/min. 
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The precision and reproducibility of the data were established by making 
repeated measurements for completely independent experiments performed on 
different days. 
1%. The accuracy of our results was verified by comparing the TIN ratios 
obtained by gc and HPLC. 
determined to be less than 5%. 

The precision of the T/N data was found to be better than 

The maximum uncertainty in the TIN ratios was 

The HPLC grade THF and water and the commercially available tetralin were 
used as supplied. 

The chemical analyses of the eight coals used in this work are presented 
in Table 1. 

RESULTS AND DISCUSSION 

Effect of Coal Rank and Temuerature on T/N Ratio 

Coal liquefaction runs for eight coal samples were made at three 
temperatures, 385O, 427O and 445OC, to determine the extent of 
conversion of tetralin to naphthalene. The tetralinlnaphthalene ratios 
obtained for the THF soluble reactor products are presented in Table 2. 
overall variation in T/N values from 1.80 to 18.7 is very significant for the 
range of coal ranks covered under this study. 
result from the data in Tables 1 and 2: 

The 

The following observations 

(d) 

T/M ratio decreases with an increase in reaction 
temperature for all the coals studied. 

TIN ratio decreases with an increase in oxygen content of 
the coal. The decrease of the T/N ratio with the increase 
in oxygen content is much more systematic at the 427O and 
445OC thermal severities, the data for 385OC are 
somewhat scattered. 

T/N ratio decreases with a decrease in carbon content of 
the coal and again the decrease in T/N ratio is more 
systematic at 427O and 445OC. 

The percentage coal conversion to THF soluble products 
(data not given in Table 2) increases with an increase in 
temperature - consistent with the previous observations (5. 
17). Therefore, as the T/N ratio decreases, the conversion 
of THF soluble product increases. This relationship holds 
true for a particular coal at the three thermal severities: 
3850, 427O and 445%. However, this relationship 
does show considerable scatter when one tries to relate the 
T/N ratios with the conversion data for a series of coals 
at the higher reactor temperatures such as 445OC. 
is most likely due to the secondary reactions taking place, 
i.e., asphaltenes and/or preasphaltenes to produce oils and 
gases. 

This 

I 
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As the coal rank decreases (the carbon content decreases and oxygen 
content increases) there will be an increase in hydrogen demand during coal 
liquefaction process. 
reaction, the higher is the conversion of tetralin to naphthalene. Hence the 
result is a lower T/N ratio. This is consistent with the observations 
discussed previously under (b) and (c). Therefore, the lower the coal rank, 
the lower is the T/N value (or higher H2 demand). 

The higher the hydrogen consumption during the 

We have made several attempts to correlate TIN ratios with various other 
properties of coals. However, there seem to be no other reportable 
relationships with the limited data base available at present. 

Effect of Liquefaction Duration on T/N Ratio 

In order to determine the effect of liquefaction residence time (kinetic 
versus equilibrium conversions) on the T/B ratio, experiments were performed 
at 445OC for reaction times ranging from 5 to 65 minutes. 
obtained using two coals of different ranks (a Western Ky. 19 and a Wyodak) 
are presented in Figure 2. Figure 2 also displays the T/N results obtained 
for blank experiments performed on tetralin + H2 in the presence of a 
catalyst (Ni/Ho oxide). 

The T/N ratios 

As shown in Figure 2, the TIN value decreases sharply with the increase in 
reaction time until it reaches some pseudoequilibrium value for both the coals 
and the blank experiments. However, the T/N values obtained for the catalytic 
tetralin experiments achieve a pseudoequilibrium value faster than those of 
coals. A l l  reactor conditions were constant in these experiments except 
difCerent coal samples and a Ni/Mo oxide catalyst for the blank runs were 
used. 
pseudoequilibrium TIN value also appears to be coal rank dependent. 
relatively low and different pseudoequilibrium TIN values for the two coals 
(1.3 and 1.9) as compared to that of the catalyzed (Nilno) tetralin conversion 
reaction (4.0) clearly suggest that the conversion of tetralin to naphthalene 
is mainly due to the extent of the hydrogen demand during liquefaction rather 
than some catalytic reactions from the mineral matter. This is further 
supported by the fact that there was no significant conversion of tetralin to 
naphthalene when tetralin was heated with or without low temperature ash in 
presence of H2 at 385O, 427O and 445OC. 

Since the pseudoequilibrium values are different for the two coals the 
The 

The parallel behavior of T/N ratios of two coals of different ranks over 
the entire range of reaction time suggests that the T/N ratios (Figure 2) 
follow a parellel course in both the kinetic (ca. first 35 minutes) and the 
equilibrium processes ( > 35 minutes) and the major contribution to TIN ratio 
is probably through kinetically controlled processes. This phenomenon is 
partially supported by the fact that the conversion for most of the coals 
reaches its maximum value within 5 to 10 minutes ( 5 ,  17, 19). 

In order to compare and understand the contributions from kinetically and 
thermodynamically controlled processes to T/N ratios, liquefaction 
experiments, using a 45 minute residence time and a 445OC reactor 
temperature. were performed using the eight coals. The TIN ratios obtained 
using the longer residence time and the 15 minute residence time are compared 
in Figure 3. As can be seen, a linear relationship with a slope of greater 
than unity (1.23) clearly suggest that tetralin is also involved in the 
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thermodynamically controlled process and the extent of tetralin conversion is 
controlled by the coal rank. 
somewhat similar (ca. 90%) for 15 minute and 45 minute liquefaction runs, the 
question arises: 
process? One possible explanation is that during the thermodynamically 
controlled process, the coal rank dependent conversion of tetralin to 
naphthalene is due to the hydrogen demand of the secondary reactions of 
asphaltenes and preasphaltenes to produce the lower molecular weight 
components - oils and gases. On the other hand, the coal rank dependent 
conversion of tetralin to naphthalene during kinetically controlled process of 
coal dissolution is possibly due to the hydrogen demand of the production of 
asphaltenes and preasphaltenes from the coals. 
further by analyzing the liquefaction products obtained using the different 
reaction times and is under investigation in our laboratory. 

Since coal conversion to THF solubles are 

what does tetralin do during thermodynamically controlled 

This needs to be clarified 
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Table 1. Coal Analysis. 

W. Ky. #9 Brecklnridge W. Ky. #9 W. Ky. #11 
7 1 1 5 4  7 1 1 6 0  71072 7 1 0 6 4  

1. Ash (As-Received) 30.03 6.36 9.04 

2. Volatile Matter, daf 47.83 74.28 42.90 

3. Fixed Carbon, daf 52.17 25.72 57.10 

4. Sulfate S .  daf 0.00 0.01 0.14 

5. pyritic S. daf 1.47 1.23 0.53 

6. Organic Sulfur, daf 2.27 0.55 1.91 

9.56 

47.47 

52.53 

0.06 

1.06 

3.11 

7. Total Sulfur, daf 3.74 1.81 2.57 4.23 

8. Carbon, daf 84.99 80.66 79.19 78.80 

9. Hydrogen, daf 6.16 8.51 5.44 5.85 

10. Nitrogen. daf 1.98 2.13 2.00 1.70 

11. Oxygen. daf 3.13 6.90 10.80 9.42 

W. Ky. #11 G. Seam-Co. Wyodak-Wy. Fort Union Bed-Mt. 
7 1 0 8 1  PSOC866 91168 PSOC833 

1. Ash (As-Received) 4.43 17.80 6.64 

2. Volatile Matter, daf 43.23 36.96 52.92 

3. Fixed Carbon, daf 56.77 63.04 47.08 

4. Sulfate S. daf 0.17 

5. Pyritic S. daf 0.64 

6. Organic Sulfur, daf 2.21 

0.04 0.05 

0.06 0.17 

0.52 0.78 

7. Total Sulfur, daf 3.01 0.62 1.00 

8. Carbon, daf 78.28 75.20 71.02 

9. Hydrogen, daf 5.52 5.34 5.42 

10.22 

46.86 

53.14 

0.07 

0.12 

0.46 

0.64 

68.64 

4.72 

10. Nitrogen, daf 1.70 1.18 1.37 1.26 

11. Oxygen, daf 11.49 17.66 21.29 24.74 

Oxygen by difference. 
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Table 2. TIN Ratios for 15-Minute Duration Liquefactions at Three Temperatures and THF Soluble Conversions 
at 445°C. 

Conversion (%) T/N Ratio 

445oc 445oc 445'C 427OC 3asoc 
Coal Samule 15 min. 45 min. 

71154 (Ky. #9) 

Breckinridge 

71072 (Ky. #9) 

71064 (Ky. #11) 

71081 (Ky. #11) 

PSOC 866 

91648 (Wyodak) 

PSOC 833 

- 
93.6 

77.2 

89.5 

- 

94.6 

90.6 

87.6 

95.1 

92.7 

80.2 

90.0 

84.0 

4.03 f 0.21 

3.51 f 0.27 

2.78 f 0.12 

2.62 f 0.06 

2.37 0.25 

1.86 i 0.06 

2.07 f 0.06 

1.80 f 0.05 

6.63 f 0.62 

5.96 f 0.18 

4.30 f 0.15 

3.70 f 0.11 

9.99 n.19 

- 

2.60 f 0.04 

2.86 f 0.05 

17.40 f 1.0 

18.7 

10.3 f 0.5 

9.14 f 0.05 

11.13 i 0.22 

- 

6.30 f 0.10 

t 
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4.2 

3.9 

3.6 

3.3 

E .- 
E 3.0 

2.4 

2.1 

1.8 

1.5 
1.0 1.3 1.6 1.9 2.2 2.5 2.8 

T M  (45 min.) 

Figure 3. Comparison Between the T I N  Ratios of 15 and 45 Minutes 
Residence Time Runs at 445OC. 
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THE ORGANIC/MINERAL INTERACTION I N  COAL LIQUEFACTION BOTTOMS 

W.A. Leet, F.S-C. Lee, R .  Gandy,. and D.C. Cronauer 

Amoco O i l  Corpora t ion  
P.O. Box 400 

Naperv i l l e .  I L  60566 

ABSTRACT 

1 
Charac te r i za t ion  o f  t h e  o rgan ic lmine ra l  matter i n t e r a c t i o n s  is  c e n t r a l  t o  t he  
problem of s o l i d / l i q u i d  s e p a r a t i o n  i n  t h e  l i q u e f a c t i o n  of coa l .  Samples of t he  
vacuum tower bot toms from the  l i q u e f a c t i o n  of Illinois No. 6 c o a l  i n  t h e  Wi l sonv i l l e  I 
p i l o t  p l a n t  have been  s tud ied .  The t echn iques  inc lude  va r ious  ana lyses  such a s  
e lementa l ,  so lven t  e x t r a c t i o n ,  STEM, FTIR, XPS. XRD, and XRF. Surface  a c t i v e  
oxygenates a s s o c i a t e d  wi th  o rgan ic /mine ra l  matter i n t e r a c t i o n  appear t o  c o n s i s t  of 
bo th  pheno l i c s  and ca rboxy la t e s .  
i n t e r a c t i o n s  were a f f e c t e d  by the  r e c y c l e  of mine ra l  matter and unconverted c o a l  as 
p a r t  of t h e  l i q u e f a c t i o n  feed  so lven t .  

INTRODUCTION 

The sepa ra t ion  of unconverted c o a l  and mine ra l  ma t t e r  from heavy coal-derived 
l i q u i d s  is  d i f f i c u l t .  Work was under taken  t o  de t e rmine  if an i n t e r a c t i o n  between 
t h e s e  components cou ld  be  demonstrated which could  prove u s e f u l  i n  t h e  des ign  of 
e f f i c i e n t  mine ra l  removal processes .  S p e c i f i c  r e f e r e n c e  i s  made t o  t h e  u s e  of 
c r i t i ca l  s o l v e n t  deashing  (CSD) such as t h a t  of t h e  ROSE-SR p rocess  of Kerr-McCee 
Corporation. The po la r  f u n c t i o n a l i t y  of c l a y s ,  ca rbona te s ,  and o the r  minera ls  
would l i k e l y  i n t e r a c t  w i th  h e t e r o f u n c t i o n a l  groups  i n  c o a l  a spha l t enes  and preasphal -  
t enes .  Therefore ,  t y p i c a l  coa l -der ived  r e s i d s  and unconverted c o a l  s o l i d s  were 
cha rac t e r i zed ,  focus ing  on the  load ing  of o rgan ic  oxygenates onto  minera l  ma t t e r .  

Coal a spha l t enes  have been shown t o  have h igh  l e v e l s  o f  h e t e r o f u n c t i o n a l i t y ( l ) ,  and 
t h e  oxygenate groups are p r imar i ly  phenol ic (2)  w i t h  low t o  immeasurable l e v e l s  of 
ca rboxy l i c  groups. In f a c t ,  I l l i n o i s  No. 6 c o a l ,  which was used t o  gene ra t e  t h e  
products  t e s t e d  i n  t h i s  s tudy ,  was shown t o  c o n t a i n  about  one-tenth(2) or  l e s s ( 3 )  
of  i t s  oxygen as ca rboxy l i c  groups. In a d d i t i o n ,  i t  h a s  been shown(4) t h a t  c o a l  
l o s e s  ca rboxy l i c  groups  on hea t ing  t o  e l e v a t e d  tempera tures .  Therefore ,  s i n c e  t h i s  
f u n c t i o n a l i t y  was observed i n  the  heavy f r a c t i o n s  and CSD ope ra t ion  g r e a t l y  
improved wi th  the  r ecyc le  of unconverted c o a l ,  w e  extended t h i s  s tudy  t o  inc lude  
the  c h a r a c t e r i z a t i o n  of recyc led  s o l i d s  which may have served  a s  c a t a l y t i c  sites 
f o r  l i q u i d  upgrading and /o r  coking. 
a1.(5) w i th  r e s p e c t  t o  t h e  na tu re  of r e a c t o r  s o l i d s  accumulating du r ing  l i que -  
f a c t i o n .  

The observed c h a r a c t e r i s t i c s  of t h e  o rgan ic lmine ra l  

Reference  is  made t o  t h e  work of Wakeley, et 

EXPERIMENTAL 
( 

Samples were ob ta ined  from the  Advanced Coal L ique fac t ion  RbD F a c i l i t y  a t  
Wi l sonv i l l e ,  AL, which has  been desc r ibed  by Lamb, e t  a l ( 6 ) .  The Wi l sonv i l l e  p i l o t  
p l an t  was o p e r a t i n g  i n  a two-stage mode wi th  d i r e c t  coup l ing  of the  thermal and 
c a t a l y t i c  ( h y d r o t r e a t e r )  r e a c t o r s  a s  shown i n  t h e  schemat ic ,  F igure  1. Afte r  
f l a s h i n g  and vapor  recovery ,  t h e  vacuum tower bottoms (VTB) cu t  was f ed  to  a 
cr i t ical  s o l v e n t  deash ing  (CSD) u n i t  t o  r e j e c t  a n  ash concen t r a t e  and recover an  
ash- f ree  r e s i d .  The products  of two runs were s t u d i e d .  In  run 250D, t h e  l i que fac -  

I 
1 
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t i o n  feed so lven t  cons i s t ed  of r ecyc led  f l a s h  d i s t i l l a t e s  p l u s  CSD-derived r e s i d .  
In  run 250H, a p o r t i o n  of the  VTB, i nc lud ing  unconverted c o a l  and mine ra l  m a t t e r ,  
was added t o  t h e  feed  so lven t .  Both runs  were made wi th  I l l i n o i s  No. 6 c o a l  a t  
e s s e n t i a l l y  t h e  same r e a c t i o n  cond i t ions ,  and CSD ope ra t ion  was shown (7) t o  be 
much smoother i n  t h e  l a t t e r  run. 

Charac t e r i za t ion  d a t a  f o r  samples of VTB o f  t h e s e  two runs  are summarized i n  
Table  I. GPC a n a l y s i s  of t he  o rgan ic  Soxhle t  f r a c t i o n s  produces i d e n t i c a l  molecular  
weight p r o f i l e s  f o r  t h e  two samples. 
minera l  matter and unconverted c o a l  i n  run 250H product  as a r e s u l t  of r ecyc le .  
The s h i f t  i n  t h e  Soxhle t  c h a r a c t e r i z a t i o n  d a t a ,  s p e c i f i c a l l y  t>e dec rease  i n  t h e  
o i l s  (pentane s o l u b l e s )  con ten t ,  h i g h l i g h t s  a s i g n i f i c a n t  s h i f t  i n  c h a r a c t e r  a s  a 
r e s u l t  of p rocess  r ecyc le .  Apparent ly ,  r e c y c l e  l e a d s  t o  inc reased  s o l u b i l i z a t i o n  
and r e a c t i o n  of t he  heavy f r a c t i o n s  i n  t h e  l i q u e f a c t i o n  r e a c t o r s  r e s u l t i n g  i n  a 
more r e f r a c t o r y  r e s i d .  

The VTB c u t s  r e s i d s  were Soxhle t  e x t r a c t e d  wi th  t e t r ahydro fu ran  (THF) tc  s e p a r a t e  
the  s o l u b l e  o rgan ic  ma t t e r  from t h e  s o l i d s .  NMR a n a l y s i s  of  t h e  THF e x t r a c t s  i s  
provided i n  Table  11. There a r e  l a r g e  d i f f e r e n c e s  i n  t h e  a l i p h a t i c  carbon and r i n g  
s i z e  (bridgehead carbon) between t h e  two samples. Run 250H VTB i s  more h i g h l y  
dea lky la t ed  (C T h i s  i s  
c o n s i s t e n t  w i t f @ h e  lower l e v e l  of  o i l s  found i n  t h e  V$B upon r ecyc le .  
confirm t h e  obse rva t ion .  FTIR a n a l y s i s  a l s o  p o i n t s  t o  a n e a r l y  f ive - fo ld  i n c r e a s e  
i n  t h e  phenol ic  oxygen con ten t  of run  250D product over  t h a t  of 250H. 
ence is  l a r g e l y  due t o  THF e x t r a c t a b l e s .  

The phys ica l  makeup of t h e  THF i n s o l u b l e s  f r a c t i o n  of  bo th  runs  w a s  examined by 
D r .  Alan Davis of Pennsylvania S t a t e  Un ive r s i ty  us ing  pe t rog raph ic  techniques .  
r e s u l t s  i n d i c a t e  t h a t  t he  organic  p o r t i o n  of t he  f r a c t i o n s  were p r imar i ly  composed 
of v i t r o p l a s t  (20 v o l  %), unreac ted  " i n e r t i n i t e "  (9-12 v o l  %), and unreac ted  
v i t r i n i t e  ( 2 - 8  v o l  %). 
i n e r t i n i t e  t han  t h e  250H sample. The 250H sample a l s o  conta ined  masses of l a r g e r  
v i t r o p l a s t  sphe res  (secondary v i t r o p l a s t )  which were not  s een  i n  t h e  250D sample. 
No mesophase s t r u c t u r e s  were observed and only ve ry  r a r e  p a r t i c l e s  of coke were 
noted  i n  the  r e s idues .  Both samples exh ib i t ed  l a r g e  amounts of c l a y s  (50-55 v o l  %) 
and i r o n  s u l f i d e s  (6-13 v o l  %). While t h e  c l ay  concen t r a t ions  were similar f o r  
bo th  f r a c t i o n s ,  t h e  concen t r a t ion .o f  i r o n  s u l f i d e s  i n  the  250H VTB were t w i c e  t h a t  
in t h e  250D sample,  r e f l e c t i n g  the  concen t r a t ion  of mine ra l  matter by p rocess  
r ecyc le .  Trace  (1-4 v o l  %) ca rbona te s  were a l s o  i d e n t i f i e d .  However, t h e  ca rbona te s ,  
p resent  a l s o  i n  the  feed  c o a l ,  were h igh ly  c r y s t a l l i n e  and exh ib i t ed  none of t h e  
s t r u c t u r e  of t he  reactor-formed ca rbona te s  which are genera ted  du r ing  t h e  p rocess ing  
of some carboxyla te - r ich  low-rank c o a l s .  

The minera l  ma t t e r  concent ra ted  i n  t h e  THF i n s o l u b l e s  was analyzed by XRF and XRD. 
Analys is  by XRF shows t h a t  t h e  m i n e r a l  ma t t e r  of t h e  two samples t o  be similar i n  
composition (Table I I I ) ,  w i th  l a rge  amounts of s i l i c o n ,  a lumina ,  and i r o n  p resen t .  
XRD a n a l y s i s  shows t h e  l a t t e r  t h r e e  components t o  be  i n  t h e  form of a -quar tz ,  i r o n  
s u l f i d e  mine ra l s  (predominantely p y r r h o t i t e ) ,  and a l u m i n o s i l i c a t e s  ( p r i n c i p a l l y  
k a o l i n i t e ) .  

Ground p a r t i c l e s  of VTB be fo re  and a f t e r  THF e x t r a c t i o n  were cha rac t e r i zed  by STEM 
and XPS. STEM a n a l y s i s  p o i n t s  t o  t h e  agglomera t ion  of i r o n  s u l f i d e  and ca lc ium 
minera l  p a r t i c l e s  upon THF e x t r a c t i o n .  XPS d a t a  f o r  mine ra l  mat te r  f o r  bo th  r e s i d s  

The d a t a  document t h e  h igher  concen t r a t ion  of 

= 1 2 . 2  VS. 18.3%) and condensed (Ca-. = 27 .2  VS. 18.62). 
FTIR d a t a  

Th i s  d i f f e r -  

The 

The 250D sample conta ined  l a r g e r  amounts of  unreac ted  

Both samples e x h i b i t  t r a c e s  of ca rbona te s  a s  noted earlier.  
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befo re  and a f t e r  THF e x t r a c t i o n  a r e  summarized i n  Table  I V .  The d a t a  i n d i c a t e  h i g h  
l e v e l s  of p h y s i c a l  adso rp t ion  of o rgan ic  m a t t e r  on t h e  s i l i c a t e  and a l u m i n o s i l i c a t e  
mine ra l  s u r f a c e s  i n  t h a t  t h e  o rgan ic  c o a t i n g  is removed by THF e x t r a c t i o n .  However, 
t he  i r o n  s u l f i d e  s u r f a c e  e x h i b i t s  s i g n i f i c a n t  i r r e v e r s i b l e  adso rp t ion  or coking on  
the  s u r f a c e ,  because  o r g a n i c s  are n o t  removed by THF e x t r a c t i o n .  A s i m i l a r  
s i t u a t i o n  e x i s t s  f o r  ca lc ium carbonate  s u r f a c e s ,  bu t  t o  a lesser e x t e n t  than  t h a t  
of i r o n  s u l f i d e .  

Elemental  a n a l y s i s  of t h e  o rgan ic  matter i n  t h e  THF i n s o l u b l e s  f r a c t i o n s  of  t h e  VTB 
c u t s  i s  g iven  i n  Tab1e.V. 
wi th  s i g n i f i c a n t  c o n c e n t r a t i o n s  of he te roa toms i n  the  THF inso lub le s .  Much of t h e  
organic  oxygen shows up as s t r o n g  pheno l i c  oxygen abso rp t ion  i n  t h e  OH/NH s t r e t c h  
r eg ion  of the  FTIR spectrum (Figure  2 ) .  Comparison of r a t i o s  of normalized 
i n t e g r a l s  and normalized i n t e n s i t i e s  of  t h e  second d e r i v a t i v e s  by deconvolu t ion  
shows t h a t  l i k e  amounts and types  of pheno l i c s  are concent ra ted  i n  the  THF inso lu -  
b l e s  f r a c t i o n s  of t h e  two VTR c u t s .  The FTIR s p e c t r a  a l s o  e x h i b i t  sma l l  bu t  marked 
r e s i d u a l  ca rboxy l i c  a c i d  abso rp t ion  a t  around 1700 wavenumbers and a ca rboxy la t e  
band around 1530 (F igure  3).  In comparison t o  tlie very  weak ca rboxy l i c  s i g n a l  i n  
t h e  whole VTB. t h e  d a t a  i n d i c a t e  t h a t  t he  ca rboxy la t e  f u n c t i o n a l  groups  a r e  p r e f e r -  
e n t i a l l y  a t t a c h e d  t o  t h e  THF i n s o l u b l e s  p o r t i o n  of t h e  r e s i d s .  A c i d i f i c a t i o n  of 
the  THF i n s o l u b l e s  wi th  6N H C 1  followed by e x t r a c t i o n  wi th  C H C l  l e a d s  t o  a 44X 
r educ t ion  i n  t h e  i n t e n s i t y  of t h e  ca rboxy l i c  a c i d  band i n  t h e  i i s o l u b l e s ,  s o  t h e r e  
is i n t e r a c t i o n  w i t h  t h e  mine ra l s  t h a t  a r e  removed by a c i d  t rea tment .  

CONCLUSIONS 

The s e p a r a t i o n  of unconverted c o a l  and  minera l  matter a t  Wi l sonv i l l e  w a s  shown t o  
be b e t t e r  when a p o r t i o n  of t h e s e  s o l i d s  were r ecyc led  wi th  the feed  so lven t  t o  t h e  
l i q u e f a c t i o n  r e a c t o r .  Our a n a l y s i s  o f  t h e  VTB f eed  t o  the  sepa ra t ion  u n i t  i n d i c a t e s  
t h a t  such  r e c y c l e  l e a d s  t o  increased  s o l u b i l i z a t i o n  of  the  heavy f r a c t i o n s  and a 
more r e f r a c t o r y  (condensed) r e s i d .  W e  a l s o  observed t h a t  some ca rboxy l i c  a c i d  
f u n c t i o n a l i t y  i s  r e t a i n e d  i n  the  heavy coa l -der ived  f r a c t i o n s  a f t e r  c o a l  l i q u e f a c -  
t i o n .  Th i s  appea r s  t o  be due t o  an i n t e r a c t i o n  of t hese  groups wi th  t h e  mine ra l  
mat te r .  It  h a s  a l s o  been observed t h a t  much of t h e  carbonaceous d e p o s i t s  formed on  
the  s i l i c a  and a l u m i n o s i l i c a t e  c l a y s  can  be removed by e x t r a c t i o n  wi th  a po la r  
so lven t ,  b u t  t h e  o r g a n i c  ma t t e r  depos i t ed  on t h e  i r o n  s u l f i d e s  and carbonates  a r e  
more coke- l ike  and n o t  r e a d i l y  removed. 
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TABLE I 

CHARACTERIZATION OF WILSONVILLE VACUUM TOWER BOTTOMS STREAMS 

Run 250D 

Proximate Analys is  (wt%) 
Mois ture  
V o l a t i l e s  
Fixed Carbon (by d i f f . )  
Ash 

Elemental  Analysis '  (we%) 
Carbon 
Hydrogen 
Nitrogen 
S u l f u r  
Oxygen 
Atomic HIC 

Soxhle t  Ext rac t ion '  (wt%) 
O i l s  
Asphal tenes  
P r e a s p h a l t e n e s  
Coke & Unconverted 

Coal & Eiineral Mat te r  

0.09 
67.8 
22.3 

9.8 

81.2 
6.29 
1.26 
0.98 
2.09 
0 .93  

46.4 
24.0 
8.8 

20.8 

Uncorrected f o r  m i n e r a l  m a t t e r .  

S e q u e n t i a l  e x t r a c t i o n  w i t h  n-pentane, to luene ,  and te t rahydrofuran .  

TABLE I'I 
NMR MALYSIS OF THF EXTRACTS' 

Run 250D 

Ha, H on aromat ic  C 
Ha, H on a C a t o  r i n g  
Hsat,  H on a C 6 o r  f u r t h e r  

Hme, H on CH 
Ca, a r o m a t i c  C 
Cat. a romat ic  C b e a r i n g  a H 
Ca-s, a romat ic  C b e a r i n g  an a l k y l  C 
Ca-i. a romat ic  C a t  b r i  gehead p o s i t i o n  
Average number of r i n g s  

t o  r i n g  (=CH -) 4 or  f u r t h e r  t o  r i n g  3 

9 

24.1 
35.4 

31.3 
9 .2  

60.6 
23.1 
18.3 
18.6 

6 

Run 250H 

0.10 
58.1 
24.9 
16.9 

74.2 
5.43 
1.24 
1.58 
3.66 
0.88 

29.3 
21.4 
13.1 
36.2 

Run 250H 

31.1 
25.6 

35.4 
7.8 

67.3 
28.0 
12.2 
27.2 

9 

Analyses based on combined 'H and 13C-NMR. 
o r  H. 

Data is expressed  as % of t o t a l  C 

Average number 
740 (VPO). 

of a romat ic  r i n g s  was c a l c u l a t e d  u s i n g  a number average Mw of 
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TABLE I11 

METAL .COMPOSITIONS OF THF INSOLUBLES BY XRF 

Run 250D 

A 1  
Na 
Mg 
s i  
S 
K 
C a  
T i  
Fe 
Ba 
Mn 

T o t a l  M e t a l s  
Oxide Ash  

. 6.3  
(0.1 

14.3 
0 .18  

1.24 
0.97 
3.2 
0.25 
7.4 
0.03 
0.04 

34.0 
63.8 

Run 250H 

6.5 
<0.1 

0 .22  
14.3 

1.26 
1.07 
2.0 
0.31 
7.8 
0.03 
0 .02  

33.5 
62.8 

TABLE I V  

ATOMIC RATIOS ON PARTICLE SURFACES AT RESIDS CALCULATED FROM XPS DATA' 

Run 250D Run 250H 
A t o m i c  R a t i o  Whole Res id  THF I n s o l  Whole Res id  THF I n s o l  

Si/lOOC 1 .o 1 1  0 . 8  10 

A11100C 0.0 7.3 0 . 6  7.1 

FeI100C 0.0 0 . 5  0.0 0 . 5  

Ca/100C 0.0 1 . 0  0.0 1.5 

'Adjusted t o  THF i r t s o l u b l e s  c o n t e n t  b a s i s .  

TABLE V 

ELEMENTAL ANALYSIS OF THF INSOLUBES' 

Carbon 
Hydrogen 
N i t r o g e n  
Sulfur 
Oxygen 
Atomic H I C  

Run 250D -- 
29.5 

2.0 
0 . 5  
4.4 
6.5 
0 .83  

Run 250H 

29.8 
1.8 
0 .8  
4.3 
5.9 
0.73 

Uncorrec ted  for m i n e r a l  m a t t e r .  
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Catalyzed Reactions of Alkylaromatic Hydrocarbons 
Dissolved in Supercritical Fluids 

F. C. Knopf, T.-H. Pang, K. M. Dooley 

Dept. of Chemical Engineering, Louiaiana State University 
Baton Rouge, LA 7 0 8 0 3  

INTRODUCTION 

Partial oxidations of alkylaromatic compounds occur at below 
600K through catalytic mechanisms that are partly free radical in 
nature. These side chain oxidations and hydroxylations are usually 
catalyzed homogeneously by transition metal complexes or mixtures of 
metal salts with redox capabilities. Compounds of-Co, Fe, and Mn are 
examples; the catalytic mechanisms exhibit certain common features 
(1-6). These are: (i) The ions have stable oxidation states 
separated by +1, because chain initiation and other reaction steps 
involve one-electron transfers; (ii) Once a reaction sequence (chain) 
is initiated, thermal free-radical steps occur in parallel with 
metal-catalyzed steps. 

Alkylaromatics require less severe oxidizing conditions than 
do alkanes because of their smaller (by - 1 ev) ionization 
potentials, and partially oxidized side chains deactivate the ring 
for further reactions by this mechanism. Peroxides and 
hydroperoxides are the primary products of these oxidations, but 
these decompose to more stable products at temperatures above about 
370K. As an example, consider the oxidation of toluene to 
benzaldehyde/benzoic acid. Four proposed r,eaction networks are shgwn 
in Figure 1. The initiation step involves electron transfer to Co +, 
suggesting that the trivalent ion is necessary for catalysis. 
However, the divalent ion reacts in several ben3pperoxy decomposition 
steps, and in practice only small amounts of Co are necessary. 

An alternative to these liquid-phase processes is to use a 
supercritical fluid (SCF) phase to contact solid analogs of the 
homogeneous catalysts. Considering the above example of toluene 
oxidation, the use of an SCF phase would result in a homogeneous 
mixture and the removal of solubility limitations on 0 . SCF 
mixtures have better mass transfer characteristics than eypical 
liquids, and rapid reaction quenching of highly exothermic oxidations 
is possible by a pressure letdown from the SC region. A staged 
pressure letdown engenders another benefit, that of fractionation of 
reactants and products, eliminating the need for more complex 
downstream separations. Therefore it appears possible to exploit the 
capabilities of a SC mixture to provide a reaction medium for an 
entire class of what would normally be liquid phase oxidations. We 
are currently examining such catalytic oxidations in SCF-C02 for 
upgrading model coal liquid compounds that result from SCF extraction 
or flash hydropyrolysis processes. There are indications that 
alkylaromatic side-chain partial oxidation, which we have already 
demonstrated at SC conditions ( 7 ) ,  will enhance the desired cracking 
reactions. For example, hydroxy groups ortho or para to methylene 
bridges facilitate bridge-bond rupture by allowing formation of a 
lower energy keto-enol tautomer intermediate; the half-life of the 
cleavage is reduced by over an order of magnitude ( 8 ) .  The presence 
of water causes cleavage of ether linkages to alcohols, which has 
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been observed for guaiacol pyrolysis at SC conditions ( 9 ) .  An 
example of these and similar reactions as applied to actual coal 
liquids is the autoxidation followed by anaerobic thermolysis of SRC 
in quinoline (10). The yield to combustion products at 388-453X was 
less than 10%. 

RESULTS AND DISCUSSION 

Preparing SCF-Aromatic Hydrocarbon Mixtures 
Figure 2 gives the P-T diagram for a mixture of toluene and 

carbon dioxide as constructed from experimental data (11) and the 
Peng-Robinson equation of state (12), with the critical locus for a 
binary mixture computed by the algorithm of Heideman and Khalil (13). 
The TP-CP curves (1 = carbon dioxide and 2 = toluene) represent the 
vapor P curves for the pure liquids, from their triple points to 
their critical points. At point 0 the three-phase line ends (the 
liquid phases become identical) and the critical locus extends to CP2 
of pure toluene. Point a is in the SCF (F) region, point b is on the 
critical locus, and point c represents typical operating conditions 
(473K, 100 atm) for the initial reaction studies. The P-X diagram at 
473K is given in Figure 3. The SCF phase on the left of the diagram 
contains at least 20 mol% toluene. The feed to the reactor contained 
only 0.7% toluene and 2.0% O2 and therefore constituted a single 
phase SCF mixture. 

heavier molecules dissolved in SC-C02 
indicate that their solubilities in the SCF phase will be much lower 
than that of toluene. For example the equilibrium mole fraction for 
phenanthrene in SC-C02 or COZ-air mixtures at 473X and 100 atm was 
found to be less than 1%. However, the solubilities of either 
component of a binary solid mixture of aromatic hydrocarbons can be 
enhanced by up to 300% over its single component solubility (14). In 
addition, we have shown that by mixing a small amount (less than 10%) 
of a volatile hydrocarbon such as methanol or toluene with the SC-C02 
it is also possible to greatly increase the solubilities of heavy 
aromatic hydrocarbons considered %onvolatilelg. For example the 
solubility of DDT in C02 at 100 atm and 313K was shown to increase by 
more than an order of magnitude in C02 containing 6.7% methanol (15). 
These solubility enhancements due to solute-solute interactions 
should be sufficient to bring the SC-phase concentration of any 
aromatic single component or mixture into the typical range for 
vapor-phase oxidation catalysis, about 1-5 mol%. 
Partial Oxidation Catalysis 

The results of toluene oxidation experiments in a tubular 
fixed-bed reactor using an SC feed of C02, toluene, and air indicate 
that strongly acidic catalysts such as H-Y zeolite are inactive, and 
that, of the many supported metal oxides tested (Co, Mo, CO-Mo, and 
Ni-W oxides, supported on Y-A1203), the one whose active component 
was mostly COO is the most active and also the most selective for 
partial oxidation to benzaldehyde and benzoic acid (7). Some results 
comparing this catalyst to a similar one containing mostly Co304 are 
given in7Figuze 4. The turnover numbers for partial oxidation are in 
the 10- -10 /s range, with the reactor operated differentially at 
conversions less than 2%; these rates are based on moles of total 
active metal. 

also observed 
in a recent study of p-xylene oxidation in slurry reactors (151, as$ 
is probably a manifestation of the importance of the proper Co 

The phase diagrams for 

The efficacy of the COO compared to co304 was 

/Co 
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ratio in the catalysis (see Figure 1). The observed turnover numbers 
actually exceed those of previous studies where Co(I1) homogeneous 
catalysts were used in the absence of initiators and electron 
transfer promoters (as in this work). For example, at 343X the 
observed turnover number for C o ( I 1 )  acetate-catalyzed toluene partial 
oxidation is only 8.3 x lo-'/, in pure acetic acid (17). Although 
rates as high as O.Ol/s have been found at higher temperatures 
(1,18,19), these were measured in the presence of initiators and 
electron-transfer promoters such as soluble halides. We can adapt 
these technological developments to the high pressure process by 
incorporating such additives in the feed or the catalyst. 
Effect of Total Pressure 

The relatively high catalyst activities in the SCF oxidation 
process appear to be the result of a pressure effect. Holding the 
feed composition constant, we varied the total pressure in the 
reactor from about 80-140 atm, and observed the changes in the 
partial oxidation rate given in Figure 5 .  The more than twofold 
increase in rate might be explained by the effect of pressure on the 
concentration-based rate constant, as given by transition-state 
theory: 

a I n  k Av+ 1-n r a l n z  1 

In the equation, hVcis the difference in partial molar volumes of 
the activated complex and reactants, n is the molecularity of the 
reaction, and Z is the compressibility. Although this relation holds 
only for a single-step reaction, it can be ,used to roughly estimate 
the pressure effect here. Detailed calculations ( 2 0 )  using the 
Peng-Robinson equation of state and assuming a transition state 
thermodynamically similar to the product benzaldehyde [this 
assumption was tested for several bimolecular reactions of the type A 
+ B + R for which the pressure variation was known, and was found to 
be adequate (21)] predicted an increase in a second-order rate 
constant of only about 30% for the pressure range of the data in 
Figure 5. It appears as if rate constant enhancement is not the most 
important consideration here. 

Another possible explanation for the pressure effect is a 
pressure-dependent variation of 0 concentration in the condensed 
I1pore" phase of the catalyst. ijork with microporous chars and 
zeolites has indicated that molecules can adsorb in multiple layers 
in porous media at pressures above the nominal mixture critical 
pressure, and that the adsorbed phase behaves almost liquid-like in 
terms of density and heat of adsorption (22,23). Referring to Figure 
3, one would expect the capillary pores to be rich in toluene at low 
pressures but to become enriched in both air and C 0 2  at increasing 
pressures. Because alkylaromatic oxidation reactions are typically 
of order zero to one in 0 , pore condensation phenomena could explain 
the rate increase: this isea is supported by the fact that rate 
seemingly levels off near 140 atm, possibly indicating surface 
saturation. 

the 
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A STUDY ON THE DISTRIBUTION OF VARIOUS CHEMICAL SPECIES IN 
DIFFERENT COAL LIQUIDS BY SIZE EXCLUSION CHROMATOGRAPHY - 

GAS CHROMATOGRAPHY - MASS SPECTROMETRY 

C. V. Philip and R. G. Anthony 

Kinetic, Catalysis and Reaction Engineering Laboratory 
Department of Chemical Engineering, Texas A M  University 

College Station, Texas 77843 - (409)845-3376 
INTRODUCTION 

Size exclusion chromatography - gas chromatography - mass spectrometry (SEC-GC- 
MS) is a unique technique which we have developed for coal liquid analysis. Size 
exclusion chromatography (SEC) separates molecules based on size in a short analysis 
time. Unlike other chromatographic techniques, SEC does not retain sample species on 
the column, the analysis time is fixed, and everything loaded onto the column elutes 
within a fixed time frame. The application of SEC is limited only by the solubility 
of the sample in a solvent. Since tetrahydrofuran (THF) is a good solvent for coal 
liquids, the separation of coal liquids by SEC is easily achieved with appropriate 
columns. Although size exclusion chromatography (SEC) has been used primarily for 
the separation and characterization of polymers based on molecular size or molecular 
weight, its use can be extended to the separation of smaller size molecules (1-4). 
Since coal-derived mixtures have several components of similar sizes, the use of SEC 
alone does not resolve them for the purpose of identification. 

petroleum crudes, and their distillation cuts have been separated 
into four or five fractions by SEC. These SEC fractions were analyzed by use of GC 
(6,7.8). The fraction collection procedure was performed manually, which was ineffi- 
cient, and susceptible to human error (9,10,11,12,13). A preferred technique is to 
use a computer controlled fraction collection and subsequent GC-MS analysis technique 
(14,15,16,17,18). The automated fraction collection followed by injection of the 
fraction into the GC reduces analysis time, and offers an option for the collection 
of the desired number of fractions at predetermined time intervals. The manual 
collection of up to 10 one-ml fractions is also used in order to varify the 
effectiveness of the automated technique. 

Mass spectrometers used to be expensive and complex for routine use as a GC 
detector. The Ion Trap Detector (ITD, Finnigan) is a low priced mass spectrometer 
(MS) for capillary chromatography. Three analytical tools - SEC, GC, and ITD - are 
incorporated into a powerful analytical system for the analysis of complex mixtures 
such as coal liquids, recyle solvent and anthracene oils. The SEC-GC-MS analysis of 
Wyodak recycle solvent is used to illustrate the speed and effectiveness of the 
technique. 

EXPERIMENTAL 

Coal liquids, 

The low rank coals used in the liquefaction experiments were Texas Big Brown 
lignite from the Wilcox formation, Zap-2 Indian Head lignite and Beulah lignite from 
North Dakota and Wyodak coal from Wyoming. Mini reactors (6.3 and 20 mP) used mostly 
Autoclave high pressure fittings (11). The liquefaction solvents included anthracene 
oil, four recycle solvents from the coal liquefaction pilot plant at the University 
of North Dakota Energy Research Center (UNDERC) and water under supercritical condi- 
tions. Hydrogen, carbon monoxide and hydrogen sulphide were the reactive gases which 
were used in varying proportions (19). The samples of liquid products from selected 
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experimental conditions were used for the detailed analysis. 
product slurry as well as the recycle solvents were extracted with tetrahy- 

drofuran (THF) and the solubles were used as samples for the analysis. The technique 
for the analysis is based on the integrated use of three instruments - a size exclu- 
sion chromatograph (SEC) with a l O O A  SEC column, a high resolution gas chromatograph 
with a bonded phase wide bore fused silica column and an Ion Trap Detector (ITD, 
Finnigan), a mass spectrometer for capillary chromatograph (Figure 1). A sample 
injected into the SEC was separated based on linear molecular size and the fractions 
of effluents were collected at preprogramed time intervals. The SEC-GC interface is 
illustrated in Figure 2 .  The separation of each fraction is continued on the capil- 
lary column and the components were detected by the mass spectrometer (ITD). The 
mass spectral fragmentation data were stored on a 10 megabyte hard disk and were 
later analyzed by the library search using National Bureau of Standards (NBS) mass 
spectral data base which has fragmentation patterns of about 40,000 organic com- 
pounds. The library search was used to identify the general formula as well as 
probable functional groups of most major components in coal liquids. The identifi- 

volume (linear molecular size), GC retention time (boiling point, molecular weight) 
and mass spectral fragmentation pattern. Since the coal liquids contain many com- 
ponents, the mass spectral data of some compounds were not available in the library. 
A very careful evaluation of the MS fragmentation pattern was necessary to establish 
the identity of the compound. Identification of unknowns needed better MS fragmenta- 
tion pattern and time. Once a compound was identified, the information was contin- 
ously used for identifying trace amounts based on masses of the major fragments. 

RESULTS & DISCUSSION 

The 

, cation of each species was achieved by using several factors including SEC retention 

I 

Analysis of Wvodak recycle solvent 
The detailed discussion of SEC-GC-MS analysis Wyodak recycle solvent can be used 

to illustrate the analysis technique as well as the composition of coal liquids. 
Wyodak recycle solvent contains some anthracene oil distillate as well as coal depo- 
lymonization products stabilized by the liquefaction conditions. Figure 3 shows the 
SEC separation of Wyodak recycle solvent. The separation pattern of various chemical 
species and chemical groups are assigned based on reported ( 4 - 1 5 )  as well as unrepor- 
ted studies. When valves V and V3 (Figure 2)  are engaged, the SEC effluents are 
collected in the sample loo& of V3 at specific intervals. The refractive index 
detector output shows the effect of such fraction collections as negative peaks 
(Figure 4 ) .  Sixteen SEC fractions of 100 p l  each were collected from the Wyodak 
recycle solvent (Figure 4 )  at 0 . 5  min intervals. Each fraction was analyzed by 
injecting 0.1 p1 into the GC, which used the flame ionization detector (FID). The 
first three fractions and the last fraction showed the GC of the solvent; so the GC 
of those fractions are not included in Figure 5 .  The first GC (Figure 5 . 1 )  corres- 
ponds to the GC of fraction #4 and the last GC (Figure 5.12) is that of fraction #15. 
By increasing the GC oven temperature the larger alkanes in fraction #2 and #3 can be 

I detected. A shorter column enhances the FID response as these heavy alkanes accumu- 
late on the column probably due to irreversible adsorption or decomposition. 

I Figure 5.1 shows the GC of fraction #4. It shows alkanes ranging from C to 
C It is quite possible that the fraction may contain higher alkanes which a?; not i daekcted due to the GC-oven temperature limit. The peaks are identified from the MS 

GC (Figure 5.2) shows alkanes ranging from C This fraction has lower i alkanes (C19-C24) in larger proportions in ,!Id ition to c3?' o smaller amounts of alkanes 

I fragmentation pattern. Fraction #5 is collected after a 0.5 minute interval and its 
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( C  5-C30) which were detected earlier in fractlon #4. The peak due to C is larger 
relatively to other alkanes in Figure 5.1 and 5.2.  Our experience with &si1 fuels 
indicates that the straight chain alkanes (n-alkanes) have a normal distribution over 
a wide molecular weight range. Even in other reported works on hydrocarbon fuels an 
unusual enhancement of a particular straight chain alkane is not observed. The 
alkane fractions always contain branched alkanes such as pristane, phytane, and 
hopane, and some of them are called biological markers. It is quite possible that 
the C peak could be due to some branched alkanes co-eluting with n-C 

which contains mo%y alkanes in 
the range of Cl5-CZ4 and small amounts of C14 and C25-C29. The fraction #6 was 
collected 0.5 minute after fraction #5 and one minute after fraction # 4 .  If fraction 
#5 had not been collected, the GC of fraction #4 and #6 which were one minute apart 
could have been used to qualitatively, determine 
all of the species. The peak 
width of species eluting at these retention times is about one minute. Hence SEC 
fraction collection at one min (one ml) intervals would have contained all the 
species with less overlapping and analysis time could have been reduced to A 
short peak immediately after C17 is pristane (trimethylhexadecane). The short peaks 
that appear between the n-alkane peaks appear to be isoalkanes or branched alkanes. 
The baseline appears to be shifted slightly upward compared to the baseline of the 
GC's in Figure 5.1 and 5.2 .  This is probably due to a large number of possible 
isomers of phenolic species. GC of fraction #7 (Figure 5.4)  has alkanes as small as 
C12. . The ratio of peak heights of pristane to C increases in the GC of this 
fraction compared to previous fractions as expected $,om its shorter linear molecular 
size. The smaller peaks between n-alkane peaks are alkylated phenols and branched 
alkanes. 

Fraction #8 (Figure 5.5) is mostly alkylated phenols and indanols with a trace 
amount of smaller alkanes. The baseline shift is due to the co-elution of several 
large phenolic species in many isomeric forms. Fraction #9 (Figure 5.6)  does not 
contain any alkanes. The ratio of the o-cresols to m-, p-cresols increases from - 
fraction #8 to #9. Both m-cresol and p-cresol are structurally longer than 0- ' 3  
cresol. Some long aromatic species such as biphenyls also appear in this fraction. 
Compared to fraction #8, the phenols in fraction #9 are of shorter size while the 
peaks appearing at long GC retention times are aromatics. It is safe to say that 
phenols appear before 16 minutes of GC retention time followed by aromatics after 16 
minutes. The GC of fraction #10 is shown in Figure 5 .7 .  Light phenols including 
xylanols and cresols present in this fraction are separated on the GC before a 
retention time of 8 minutes. The species appearing after 8 minutes are aromatics, 
mostly with alkyl side chains. 

Fraction #11, whose GC is in Figure 5.8 ,  contains phenol, which appears at 3 
minutes. Phenol is the only phenolic in Fraction 11. Almost all possible isomers of 
one and two ring aromatics with alkyl side chains (propyl or shorter) are detected in 
this fraction. Since the number of species are higher, co-elutions of two or more 
components at one GC retention time is observed. The mass spectral fragmentation 
pattern can be used to assign the molecular formula and general structural nature. 
The identification of isomers is very difficult in a number of cases. The NBS Mass 
Spectral Data Base has only a fraction of the needed standard reference spectra to 
identify the species in this fraction. Most of the identification has been assigned 
based on the fragmentation patterns and boiling points derived from the GC retention 
times. Fraction #12 as shown in Figure 5.9 has overlapping from two types of aroma- 
tics - alkylated aromatics and polycyclic aromatics. Fraction #13 contains aromatics 

8 e  GC of fraction #6 is shown in Figure 5.3, 

but not necessarily qualitatively, 
Fraction #5 has species from both fractions #4 and #6. 

half. 
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with slight alkylation and the ring numbers increase as shown in Figure 5.10. Both 
fractions #14 and #15 (Figure 5.11, 5.12) contain only multi-ring aromatics with few 
alkyl side chains. One exception to the rule that SEC separates species in de- 
creasing order of linear molecular size is that condensed ring aromatics tend to 
remain in the column longer. Some polycyclic aromatics such as pyrene and coronene 
are larger. 
More pyrene is in Fraction #15 than in Fraction #14 but the reverse is true ?for 
anthracene which appears before naphthalene. 

Distribution of Alkanes in Coal Liauids 
One of the major results of SEC-GC-MS studies is the discovery of an orderly 

pattern, by which various isomers and homologs of similar chemical species exist in 
coal liquids. For example almost any direct coal liquefaction process produces very 
similar species which differ from each other by size and extent of isomerization but 

ltH$6 '44"8g are with an orderly distribution pattern. Alkanes ranging from C 
detected in almost any coal liquid. anes s owing 
an orderly continuous pattern. Neither is a particular n-alkane almost absent nor is 
it present in a disproportionate amount. Exceptions exist for some branched alkanes 
such as pristane, phytane, and hopane. These species are also called biomarkers and 
their concentration varies depending on the sample. The straight chain hydrocarbons, 
mainly the alkanes, are observed as sharp GC peaks in the GC of certain SEC fractions 
of lignite-derived liquids. The corresponding SEC-fractions of the anthracene oil 
show a "hump" in the GC. It appears that the pyrolytic conditions used in a coking 
oven are destroying or converting most of the straight-chain alkane species into 
numerous isomeric hydrocarbons. The MS fragmentation patterns of the GC "hump", are 
similar to that of alkanes. 
Distribution of Phenols in Coal Liauids 

Phenols have basi- 
cally one or more aromatic ring structures with alkyl substituents. Methyl, ethyl 
and propyl are the most common alkyl substituents. The smallest species is the one 
with a hydroxyl group attached to a benzene ring. Addition of a methyl group pro- 
duces three isomers - 0 - ,  m-, and p-cresols. It appears that all three are present 
in about the same proportion. The number of possible isomers increases as the 
possible number and size of alkyl substituents increases. It is expected that higher 
degree of alkylation can produce larger molecules in a larger number of isomeric 
forms, separation of which is rather difficult even by high resolution GC methods. 
This could be the reason why a shift in the GC baseline is observed for the SEC 
phenolic fractions rather than resolved peaks. Since these shifts are quite reprodu- 
cible and real, it can be assumed that these "bumps" are due to a large number of 
components eluting continuously without resolution. Their SEC retention time sug- 
gests that they are probably phenols. The gas chromatographers who are used to fewer 
sharp peaks from capillary GC may prefer to resolve them. Sometimes derivatization 
techniques are used to obtain sharper well resolved peaks. As a matter of fact 
unresolved "bumps" are telling a story. weight 
or boiling point are eluting without resolution at close retention times. Phenols do 
show But currently available capil- 
lary columns do not show tailing as a serious problem. Peak tailing is expected to 
decrease as the degree of alkylation increases. Peak tailing for cresol is less than 
that for phenol. It is much improved for xylenols. The derivatization of phenols 
prior to GC separation may produce fewer well-resolved peaks but at the expense of 
losing some components. 

eluted from the gel column only after napthalene although they are much 

Most of these are straight c a n a 

Phenols are a major chemical lump present in coal liquids. 

Too many isomers of close molecular 

peak tailing in most GC separation conditions. 
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Distribution of Aromatics in Coal Liquids 
The number of isomers of alkylated aromatics is enormous. Lower members of 

alkylated benzenes such as xylenes are well-resolved and detected by FID and MS. 
Increased alkylation causes an increase in the number of isomers. In the case of 
both alkylated phenols and aromatics various isomers exist in a continuous pattern. 
The less alkylation gives few well-resolved isomers. The more alkylation gives a 
large number of isomers but in smaller concentrations. 

We have observed a striking similarity in the identity of chemical species found 
in different types of coal liquids such as anthracene oil (A04). recycle solvents and 
the lignite-derived liquids from our liquefaction experiments as they are separated 
by SEC-GC and identified by MS. The polycyclic aromatic species which are character- 
istic of coking oven products from coal, such as anthracene oil and creosote oil are 
found in all lignite-derived liquids from our liquefaction experiments, including the 
liquid obtained by the dissolution of lignite in water under super critical condi- 
tions. Their relative concentration was found to increase varying with the severity 
which is used to produce the coal liquid. Anthracene oil has the highest concentra- 
tion of polycyclic aromatics and the lignite liquefied in supercritical water has the 
lowest. also known as alkylated phenols, which are produced 
under lignite liquefaction experiments, are not major components in anthracene oil. 

The hydroxy aromatics, 

CONCLUSIONS 

The coal conversion products are compounds of at least two types of species. 
"a" The species which are released from the coal matrix and stabilized by the coal 
liquefaction process. This type of species retains most of its original structural 
characteristics. Most of the alkanes and alkylated phenols belong to this group. 
"b" The species which are characteristic of high temperature reactions. The polycy- 
clic aromatics such as phenanthrene and pyrenes are products of high temperature 
chemistry. The 
liquefaction environment can cause additions of alkyl side chains to these species 
although higher temperature causes the dealkylation of these products. Some of these 
species may be existing in coal but in lower concentrations. 

Lower tempera- 
tures favor type "a" compounds while higher temperatures tend to produce more of type 
"b" compounds. The SEC-GC-MS analysis data on a number of coal liquids produced 
under varying conditions from different coals and liquefaction solvents indicate that 
liquefaction temperatures below 400'C produce very little type "b" compounds aJthough 
they are not totally absent. The alkylated aromatics such as alkyl indans and 
benzenes appear to be generated from the original coal structure although these 
compounds could be catatytically generated at these temperatures even from simple 
starting materials such as GO and Hp. Several low temperature reactions products 
from coal support the existence of one or two ring aromatics with other substituents, 
especially in low rank coals. 

Coke ovens and even wood burning fireplaces produce these products. 

The coal liquefaction process generates both types of compounds. 

ACKNOWLEDGEMENTS 
The financial support of the U.S. Department of Energy, (project Number DE-AC18- 

83FC10601), Texas A&M University Center for Energy and Mineral Resources and Texas 
Engineering Experiment Station is gratefully acknowledged. The Energy Research 
Center at University of North Dakota furnished samples for the study. 

, 

REFERENCES 

1. Hendrickson, J.G., "Molecular Size Analysis Using Gel Permeation Chromatography", 

372 



Anal. Chem., 1968, 40, 49. 
2. Majors, R.E.J., "Recent Advances In HPLC Packing and Columns", Chromatog. Sci., 

1980, IS, 488. 
3. Cazes, J. and D.R. Gaskill. "Gel-permeation Chromatographic Observation of Sol- 

vent-solute Interaction of Low-molecular Weight Compounds", Sep. Sci., 1969 4 ,  
15. 

4. Krishen, A. and R.G. Tucker, "Gel-permeation Chromatography of Low Molecular 
Weight Materials With High Efficiency Columns", Anal. Chem., 1977 49, 898. 

5. Philip, C.V., Anthony, R.G., "Dissolution of Texas Lignite in Tetralin", Fuel 
Processing Technology, 1980, 3, p. 285. 

6. Zingaro, R.A., Philip, C.V., Anthony, R.G., Vindiola, A,, "Liquid Sulphur Dioxide 
- A Reagent for the Separation of Coal Liquids", Fuel Processing Technology, 
1981, 4 ,  169. 

7. Philip, C.V., Zingaro, R.A., Anthony, R.G., "Liquid Sulfur Dioxide _ -  as an Agent 
for Upgrading Coal Liquid", "Upgrading of Coal Liquids," Ed. Sullivan, R.F., ACS 
Symposium Series No. 156, 1981;p.239. 

8. Philip, C.V., Anthony, R.G., "Chemistry of Texas Lignite Liquefaction in a Hydro- 
gen-donor Solvent System", Fuel, 1982, 61. 351. 

9. Philip, C.V., Anthony, R.G., "Separation of Coal-derived Liquids by Gel Permea- 
tion Chromatography", Fuel, 1982, 61, 357. 

10. Philip, C.V. and Anthony, R . G . ,  "Analysis of Petroleum Crude and Distillates by 
Gel Permeation Chromatography (GPC)", "Size Exclusion Chromatography", Ed. 
Prouder, T., ACS Symp. Series, 1984, 245, 257. 

11. Philip, C.V., Anthony, R.G. and Cui, Z.D.. "Structure and Reactivity of Texas 
Lignite", "Chemistry of Low-Rank Coals, Ed. Schobert, H.H., ACS Symp. Series, 
1984, 264, 287. 

12. Philip, C.V., Bullin, J.A. and Anthony, R.G., "GPC Characterization for Assessing 
Compatibility Problems with Heavy Fuel Oils", Fuel Processing Technology, 1984, 
9 ,  189. 

13. Sheu, Y.H.E., Philip, C.V., Anthony, R.G. and Soltes, E.J., "Separation of Func- 
tionalities in Pyrolytic Tas by Gel Permeation Chromatography", Chromatographic 
Science, 1984, 22, 497. 

14. Philip, C.V! and Anthony, R.G. "Separation of Coal Liquids by Size Exclusion 
Chromatography - Gas Chromatography (SEC-GC)", Am. Chem. SOC. Div. Fuel Chem. 
Preprints, 1985, 30, (1). 147. 

15. Philip, C.V. and Anthony, R.G. "Characterization of chemical Species in Coal 
Liquids Using Automated Size Exclusion Chromatography - Gas Chromatography (SEC- 
GC)", Am. Chem. SOC. Div. Fuel. Chem. Preprints, 1985, 30 (4), 58. 

16. Philip, C.V. and Anthony, R.G. "Separation of Coal Liquids by Size Exclusion 
Chromatography - Gas Chromatography (SEC-GC)", Journal of Chromatographic Sci 
ence, 1986, 24 (lo), 438. 

17. Philip, C.V. and Anthony, R.G. "Gel Permeation Chromatography - Gas Chromato- 
graphy - Mass Spectrometry (GPC-GC-MS) Instrumentation for the Analysis of Com- 
plex Samples", Pittsburgh Conference Atlantic City March 9-13, 1987, paper #788. 

18. Philip, C.V., Moore, P.K., and Anthony, R.G. "Analysis of Coal Liquids by Size 
Exclusion Chromatography - Gas Chromatography - Mass Spectrometry (SEC-GC-MS)", 
accepted for publication in Advances in Size Exclusion Chromatography, ACS Sympo- 
sium Series, 1987. 

19. Anthony, R.G., Philip, C.V. and Moore P.K. "Kinetic Model Development for Low- 
Rank Coal Liquefaction", Liquefaction, 
March 15, 1983 - October 31, 1986, DOE/FC/1060-13. 

Final Technical Report for Low Rank Coal 

373 



SEC - 

I 
GC FID 

Finure 1. SEC-GC-MS instrumentation. 

m 6 PSI N 9  FROM 

L W W  
TO AUTO SAMPLER 

SYRINGE II - 
COLUMN 

Figure 2. SEC-GC interface Note:, V has sixteen sample loops  instead of six shown. 3 

374 



- (----) ItJ v 

Y 

4 

8 
U 

cn 

0 
(Y w 

x D 

Lu 0 

0 w cn 

m 
$ 



SEC-GC-MS OF WYODAK RE-CYCLE SOLVENT 

CH3 (CH2)n CH3 

1 

. I . . .  

10 20 30 

20 30 10 

4 

10 OH 20 3 0  

5 
20 3 0  

Figure 5 .  SEC-GC-MS of Wyodak re-cycle solvent .  
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THE HYDROGEN TRANSFER CYCLE FOR COAL LIQUEFACTION -- 
PROCESS IMPLICATIONS* 

H. P. Stephens and R. J. Kottenstette 
Sandia National Laboratories, Albuquerque, NM 87185 

INTRODUCTION 

Direct liquefaction of coal involves the conversion of a 
hydrogen-poor solid to a liquid richer in hydrogen by a complex set 
of bond ruptures and hydrogen transfer reactions. This paper 
reports a portion of a continuing effort to understand the 
utilization of hydrogen in direct liquefaction by tracing the 
transfer of hydrogen from the gas phase to polynuclear aromatic 
hydrocarbon (PAH) solvent components, and from these donor 
components to coal. In this portion of the effort, experiments 
were performed to monitor the dehydrogenation of hydroaromatic 
components of a coal-derived solvent that results from donation of 
hydrogen to coal. 

that showed the impact of a hydrogen source, either from the gas 
phase or from solvent containing hydroaromatic compounds, on the 
yield of liquefaction products. Gas-phase hydrogen was required to 
produce high conversion of coal to liquids only if the solvent 
contained low concentrations of hydroaromatic donors. Furthermore, 
significant consumption of gas-phase hydrogen occurred only in 
reactions catalyzed to promote in-situ hydrogenation of PAHs to 
hydroaromatics. In related experiments (2,3,4), we have sought to 
define effective conditions for the hydrogenation of PAHs in 
coal-derived solvents. The results of these studies demonstrated 
that 1) use of catalytic hydrogenation at relatively low 
temperatures favored formation of hydroaromatics: 2 )  use of lower 
temperature allows the use of lower pressure; and 3) that CO/water 
mixtures are effective sources of hydrogen for hydrogenation of 
PAHs. These results were used to establish conditions for 
preparinq a liquefaction solvent containing high concentrations of 
hydroaromatic hydrogen donors. This solvent was then reacted with 
coal, in the absence of gas-phase hydrogen, over a range of 
temperatures and times to monitor the transfer of hydrogen from the 
hydroaromatic derivatives of three key PAHs, phenanthrene, 
fluoranthene, and pyrene. 

In a previous paper (11, results of experiments were reported 

EXPERIMENTAL 

Materials 

Feed to the solvent production reactor was prepared from a 
pasting solvent produced from Illinois No. 6 (Burning Star) coal by 
the LUmmUs Integrated Two-Stage Liquefaction (ITSL) process 
development unit (5). This material, which was too viscous to be 
used in our laboratory reactor, had a boiling point range of 
approximately 550 to 850°F. Prior to its use, it was vacuum 
distilled with a spinning band apparatus. The 650 to 770°F 
fraction, which contained 3.3% by weight phenanthrene, 4.0% 

* This work supported by the U.S. Department of Energy at Sandia 
National Laboratories under Contract DE-AC04-76DP00789. 
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fluoranthene and 8.6% pyrene, was retained for these experiments. 
Illinois No. 6 high-volatile bituminous coal for these experiments 
was obtained from the Argonne National Laboratory Premium Coal 
Sample Program. The coal was found to have 7.3% by weight moisture 
and 17.5% mineral matter by low temperature ashing. Extrudates 
(0.8 mm diameter by 4 mm length) of Shell 324M, a 2.8% Ni, 12.4% MO 
on alumina catalyst, were used for hydrogenation of the solvent. 
Prior to use, the catalyst was sulfided in situ with 10 mole % 
H2S in H2 at 39OOC and atmospheric pressure. 

Apparatus and Procedure 

Solvent hydrogenation was performed in a trickle-bed reactor 
using steam and a 1:l "syngas" mixture of hydrogen and carbon 
monoxide to simulate the products of a gasifier. The reactor 
consisted of six 1.0 cm ID by 15 cm long catalyst-filled stainless 
steel tubes connected in series. Each tube contained 9.5 g of 
catalyst. The reactor was thermostatted to 5 1.0"C by a forced-air 
convection oven and pressure was controlled to t 10 psig with a 
precision back pressure regulator. After pressurizing to 800 psig 
with the gas mixture, the reactor temperature was brought to 3OOOC 
and water flow was initiated. Upon detection of conversion of 
CO/H2O to CO2/H2, the coal-derived solvent flow was started. 
The gas mixture was delivered to the reactor at a volume hourly 
space velocity of 325 and steam and solvent were delivered at 
weight hourly space velocities of 0.07 and 0.5 respectively. The 
amount of steam fed to the reactor was slightly in excess of the 
amount required to stoichiometrically convert all of the CO. 
During the operation of the reactor, 0.5 mole % of H2S was added 
to the gaseous feed to maintain the catalyst in the sulfided state. 

microautoclaves with slurry capacities of 8 cm3 and gas volumes of 
3 5  cm3 ( 6 ) .  
ratio mixture of solvent and coal, they were pressurized to 300 
psig with nitrogen. They were then heated to temperature in a 
fluidized sand bath while being agitated with a wrist-action shaker 
at 200 cycles/min. Following the heating period, the reaction 
vessels were quenched in water, the final temperatures and 
pressures were recorded, a gas sample was taken and the product 
slurry was quantitatively removed for analysis. All experimental 
variables for both the flow and batch reactors were monitored and 
recorded with a computer-controlled data acquisition system. Four 
coal liquefaction experiments were performed to correlate 
dehydration of the hydroaromatics with coal conversion. Reactions 
were performed at two temperatures, 425 and 45OoC, and for times 
ranging from 10 to 40 minutes. 

Coal liquefaction reactions were performed in batch 

After the reactors were charged with 8g of a 2:l 

Product Analyses ' 

N2, H2, CO, C02, and C1-C3 hydrocarbons with a Carle 
Series 500 gas chromatograph with a hydrogen transfer system. The 
amounts of PAHs and hydroaromatics in the flow reactor feed and 
liquid product samples were determined with a Hewlett-Packard 5890 
gas liquid chromatograph equipped with a capillary column. coupled 
gas chromatography/mass spectrometry techniques were used to 

Gas samples from the liquefaction reactions were analyzed for 
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identify the retention times of the PAHs and hydrogenated PAHs. 
Hydrogen content of the product was determined by elemental 
analysis. To calculate the amount of donatable hydroaromatic 
hydrogen, a portion of the coal-derived solvent that was 
catalytically dehydrogenated was also analyzed for hydrogen 
content. Conversion of coal to products was quantified by 
tetrahydrofuran (THF) and n-heptane solubility. ~ r y ,  mineral 
matter free (dmmf) basis conversions were calculated from the 
difference between the weight of organic coal and the insoluble 
Organic matter resulting from THF or n-heptane extraction of the 
product. The n-heptane soluble materials, which contained the 
post-reaction solvent components, were examined by capillary 
column chromatography to determine the extent of dehydrogenation of 
solvent hydroaromatics. 

RESULTS AND DISCUSSION 

- Solvent Hydrogenation 

The extent of solvent hydrogenation can be seen in Figure 1, 
which is a comparison of the chromatogram of the trickle-bed 
reactor product to that of the feed. Analysis of the product 
solvent showed that 66% of the phenanthrene, 88% of the 
fluoranthene and 56% of the pyrene were converted to 
hydroaromatics. Table 1 gives the concentrations and distribution 
of the hydroaromatics resulting from hydrogenation of the PAHs. It 
was also noted from the chromatograms that the solvent contained 
significant amounts of alkylated phenanthrenes and pyrenes, which 
were also hydrogenated. However, the concentrations of these were 
not quantified. From the difference between the hydrogen content 
of the solvent (9.0%) and that of a catalytically dehydrogenated 
sample (8.2%), the donatable hydrogen content was calculated to be 
0.8% by weight. 

Coal Liquefaction and Hydrogen Donation 

Table I1 presents a summary of the results of the coal 
liquefaction experiments in terms of insoluble organic material 
(IOM) remaining after reaction, n-heptane insoluble and soluble 
products formed, yield of hydrocarbon gases (Cl-C3) and release 
of hydrogen to the gas phase. As can be seen from Table 11, the 
highest reaction severity, 45OOC for 40 minutes, produced a 
significant converion of coal to n-heptane soluble products ( 4 4 % )  
with only a small amount (16%) of hydrogen released to the 
gas-phase. 

Figures 2-4 trace the concentrations of the PAHs and 
hydroaromatics as a function of conversion of coal to the sum of 
the yields of n-heptane soluble materials and hydrocarbon gases. 
Several observations can be made with respect to hydrogen donation 
by the hydroaromatic species. 

Comparison of the PAH and hydroaromatic concentrations 
resulting from experiments 2 and 3 shows that the extent of 
donation is directly proportional to conversion of coal to 
products. Though experiments 2 and 3 were performed for different 
times and at different temperatures, the product distributions were 
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nearly identical, as were the post-reaction concentretions of PAHs 
and hydroaromatic solvent components. 

Examination of the concentration curves shown in Figures 2-4 
indicates the relative ease with which the various hydroaromatics 
donate hydrogen during the conversion of coal. Three groups of 
hydroaromatics can be distinguished: First are those which donate 
early in the coal conversion process, as indicated by sharply 
decreasing concentrations at the lowest coal conversion. Tetra- 
hydrofluoranthene, di-, tetra- and 1,2,3,6,7,8-hexahydropyrene can 
be placed in this group. The second group consists of 
hydroaromatics that donate later in the coal conversion process, as 
indicated by sharply declining concentrations at higher 
conversions. Tetrahydrophenanthrene, hexahydrofluoranthene and 
decahydrofluoranthene belong to this group. The third group are 
hydroaromatics that show a steady decrease in concentration over 
the entire range of coal conversion. Three compounds, dihydro- 
phenanthrene, octahydrophenanthrene, and 1,2,3,3a,4,5-hexahydro- 
pyrene (isohexahydropyrene in Fig. 4) exhibit this behavior. 

hydrophenanthrenes indicates the existance of a multiple step 
donation for octahydrophenanthrene. Initially, as the 
concentration of octahydrophenanthrene (H8Ph) decreases, the 
concentration of tetrahydrophenanthrene (H4Ph) increases. The 
concentration of HqPh does not decrease much until the 
concentration of H8Ph is substantially lower. This is consistent 
with the followinq dehydrogenation pathway which results from 
hydrogen donation: 

Examination of the concentration profiles for the 

HsPh.-> H4Ph -> Ph 

Implications for Coal Liquefaction Processes 

This study of the hydrogen transfer cycle f r oal liquefaction 
suggests more effective ways tu utilize hydrogen. The results of 
these experiments clearly demonstrate that an excellent coal 
liquefaction solvent can be produced by reaction of a coal-derived 
liquid with a H2/CO/steam mixture at relatively low temperature 
and pressure. The resulting solvent contains a sufficient 
concentration of hydroaromatics to be used as the s o l e  source of 
hydrogen for the liquefaction of Coal. Applying these techniques 
for transfer of hydrogen to coal in a liquefaction process could 
provide several advantages: First, use of CO/H2/steam mixtures, 
instead of purified hydrogen, for the hydrogenation of the solvent 
would eliminate the need for gas purification units. Second, 
operation of the solvent production reactor at a lower temperature 
and pressure would allow reduction of the wall thickness of the 
reactor vessel, thus reducing vessel cost. Third, the 650-770'F 
distillate cut used as a recycle solvent contains significant 
concentrations of the important three- and four-ring hydroaromatic 
donor precursors, but does not contain compounds that cause 
extensive catalyst deactivation. Finally, the requirement for 
gas-phase hydrogen and high pressure in the thermal liquefaction 
step would be eliminated. 

I 
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TABLE I Distribution of phenanthrene, fluoranthene, pyrene and 
hydroaromatic derivatives in hydrogenated coal-derived 
solvent. 

Compound 

Phenanthrene 
9,lO-dihydro- 

~- 

1,2,3,4-tet~ahyd~o- 
1,2,3,4,5,6,7,8-octahydro- 

Conc. in 
Solvent 
(Wt % )  

1.03 
0.38 
0.79 
o . a i  

Fluoranthene 0.51 
lf2,3,10b-tetrahydro 1.96 
6bt7,8r9,10r10a-hexahydro- 0.71 
1,2,3,3a,6b,7,8,9,10,10a-decahydro- 1.06 
1,2,3,3at4,5,6,6a,10br10c-decahydro- 

Pyrene 
4,5-dihydro- 

lf2,3,6,7,8-hexahydro- 
4,5,9,10-tetrahydro- 

1,2,3,3ar4,5-hexahydro- 

3.81 
2.49 
0.53 
0.98 
0.77 

Percent of 
PAH Mixture 

34 
13 
26 
27 

12 
46 
17 
25 

44 
29 
6 
11 
9 
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TABLE 11 summary of Result6 of Coal Liquefaction Experiments 

Product Distribution 
1 8  dmmf c o a l  basis) Hydrogen Released 

Exp. Temp Time Hept. Hept. 1 %  of donatable) 
NO. 1 O C )  (Inin.) IOM Sols. - C i s 3  hydrogen I 

to Gas Phase 

1 4 2 5  10 9 . 5  2 2 . 4  6 6 . 9  0 . 8  3 . 9  

2 4 2 5  3 0  6 . 1  3 6 . 3  5 4 . 5  1.5 6 . 9  

3 4 5 0  10 6 . 8  3 6 . 3  5 3 . 3  2 . 5  7 . 5  

4 4 5 0  4 0  4 . 1  4 3 . 5  4 5 . 9  6 . 4  1 6 . 1  

REACTOR FEED 

INCREASING RETENTION TIME L-.) 

REACTOR PRODUCT 

FIGURE 1. Comparison of Chromatograms of Trickle Bed Reactor Feed and Product 
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Fig. 2. Concentration of phenanthrene and 
hydrophenanthrenes vs coal conversion. 
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Fig. 3. Concentration of fluoranthene and 
hydrofluoranthenes vs coal conversion. 
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fig. 4. concentration of pyrene and 
hydropyrenes vs coal conversion. 
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Investigation on the Nature of Steam Modified Coal 

S . D .  Brandes and R.A.  Graff 

The Clean Fuels Institute, The City College of New York 
New York, New York 10031 

Introduction 
In previous work it was found that dramatically improved liquid 

yields from steam pyrolysis and mild solvent extraction of bituminous 
coal are obtained when the coal is first exposed to subcritical steam 
for short periods of time (Graff and Brandes, 1984 and 1987). This 
finding motivated the investigation, reported here, into the nature 
of coal after modification by subcritical steam. 

In this work solvent swelling, a technique to determine the 
degree of cross-linking between macromolecular units in coal (Green, 
et al. 1984), has been applied. An estimate of the degree of hydrogen 
bonding in the coal was thereby obtained. 

Treated coal was also analyzed by diffuse reflectance infrared 
spectroscopy (DRIS) and by an o-alkylation procedure described by 
Liotta (1981). The results of these three studies are described in 
this paper. 

EXPERIMENTAL PROCEDURES 

under an inert atmosphere to pass 200 mesh and having the followin 
elemental analysis (wt%, maf) : 76.1 C, 5.3 H, 1.3 N, 5.1 S, 11.8 0. 

Tests were conducted using a batch of Illinois N0.6 coal1 ground 
1 

Treatment 
Treatments of coal samples were carried out in a series of fixed 

bed reactors. The reactors are constructed from lengths of stainless 
steel tubing (2.54cm X 1.35cm). The length of the tube was varied to 
accommodate different amounts of coal. By modifying the reactor 
chamber in this way these reactors can be used to treat 1.5 to 30 
grams of coal at a time. 

After loading, the reactor is placed horizontally so that there 
is a space above the coal for the flow of steam and gases evolved 
during treatment. The reactor is attached to a source of helium 
and/or steam and a thermocouple is wired to its midpoint. The 
reactor, including valves at either end, is wrapped in heating 
tape. A flow of helium at 50 atm is established through the 
reactor. With helium flowing at a minimal rate, controlled by an 
outlet needle valve, the reactor is heated to 30OoC. This is above 
the condensation point of the superheated steam (265OC). Helium is 
then replaced by steam at 50 atm and the flow of steam is adjusted so 

We thank R. Liotta of Exxon Research and Engineering Corp. for 

Elemental analyses were performed by Galbraith Laboratories, 

providing this coal sample. 

Knoxville, Tennessee. 
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that there is a steady discharge of steam from the exit tube. The 
reactor is further heated to the desired treatment temperature in the 
first 2 to 3 minutes of steam flow. Treatment temperatures are in the 
range of 300 to 36OoC. The temperature is maintained for the desired 
length of time (typically 15 minutes) by adjusting the voltage to the 
heating tape. To stop treatment, the heating tape is turned off and 
the steam flow replaced by helium. The reactor is allowed to cool to 
room temperature. The flow of helium is maintained until there is no 
detectable moisture in the reactor effluent. This is determined by 
placing a cold metal object in the flow of helium and observing any 
condensation which forms or by placing a piece of indicating Dryerite 
in the helium flow. Both inlet and outlet valves are then shut, and 
the tube is removed from the source of the gas. 

Swellinq 
Swelling experiments were carried out as described in Green, et 

al. (1984). Samples of approximately lg of coal were measured into 
lOmm X 8Omm centrifuge tubes and covered with neoprene stoppers. The 
samples were centrifuged at 1700 rpm for approximately 10 minutes to 
settle the dry coal. The height of the sample (hl) was then measured 
by use of an external rule. Solvents were added to the tube and the 
tubes were capped and shaken until there was complete homogeneity. 
The tubes were left to stand 18 hours and then were centrifuged again 
until a constant height of the solid material was attained. In the 
case of pyridine, because of the dark color of the solution, the tube 
was turned upside down in order to read the height of the solids. 
Experiments were done under N2 in a glove bag unless the sample was 
to be deliberately exposed to air, then no precautions were taken in 
handling the sample in any step of the above procedure. 

DRIS 
Diffuse reflectance infrared spectroscopy (DRIS) was used to 

analyze both raw and treated coal samples which had been ground to 
pass 200 mesh before treating. Samples after treatment were ground 
and resieved, under a N2 atmosphere, to pass 200 mesh. DRIS spectra 
were obtained using a Nicolet 7199 instrument. Samples were handled 
under nitrogen in a glove bag directly attached to the sample chamber 
of the machine and a purge of N2 was maintained through the 
instrument. Data were acquired over approximately 13 minutes. The 
number of data points was 8192 over 1000 scans.3 

0-Methylation 
0-methylation of the treated coal was performed following 

procedures described by Liotta, et a1.(1981). Typically, one gram of 
coal was weighed into a 250 ml round bottom flask immersed in an ice 
bath: 2.9 mmoles of tetra-n-propylammoniumhydroxide (TnPAH) were 
added. This was in slight excess of the 2.5 moles of acidic sites 
that were found, by titration, to be in raw coal. For treated coal 
the amount of TnPAH added was approximately 2.5 times this amount. 
Freshly distilled tetrahydrofuran (50-60 ml) was added while the 
contents were stirred with a teflon covered,magnetic stirring bar. 

We thank Mr. E.W. Sheppard of Mobil Research and 
Development for his assistance in obtaining and interpreting the 
DRIS spectra. 
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Labeled methyl iodide (C13H31),in 20% excess of the amount of TnPAH 
that was used, was added. Stirring was continued for 7 2  hours. The 
workup entailed removing the THF on a rotovaporizer and washing the 
product with 2 5 0  ml of a hot methanol and water solution (1:l by 
volume). The contents of the flask were then vacuum filtered on a 8 0  
micron filter and washed with four liters of hot water. The coal was 
dried in a stream of nitrogen, transferred to a soxhlet extractor, 
and washed with distilled water for five days. The coal was then 
dried in a stream of nitrogen and in a vacuum oven at 90°C for 4 
hours. Stable carbon isotope analyses were performed on these samples 
by Coastal Science Laboratories of Austin Texas using combustion 
techniques. 

EXPERIMENTAL RESULTS 

Swellinq 
Values of swelling ratios for raw and treated coals are given in 

Table 1. The measured increase in volume depends on the amount of 
material present in the solid phase. If during solvent swelling some 
of the solid is lost by extraction, the final volume is that of a 
reduced amount of material. An approximate correction for this loss 
can be made by dividing the swelling ratio by the fraction of 
starting material unextracted. This correction has been made to the 
values in Table 1 using average values obtained in room temperature 
extraction of the same samples (Graff and Brandes, 1987). By 
accounting for the amount of material in the solvent the swelling 
values of the solid phase are made comparable from one sample to the 
other. 

In pyridine and in water the steam treated coal swells more than 
the raw coal or the helium treated coal by a considerable amount. In 
benzene the raw coal swells little more than helium or steam treated 
coals. Pyridine breaks hydrogen bonds, benzene does not. The 
difference between the degree of swelling in pyridine and in benzene 
is a measure of the amount of hydrogen bond cross-linking. The 
smaller the difference the fewer the number of hydrogen bond cross- 
links. In Table 2 the difference values are listed. The amount of 
hydrogen bond association is high for steam treated coal protected 
under nitrogen. The helium treated sample shows less hydrogen bonding 
than raw coal. 

Extraction in pyridine destroys essentially all of the coal's 
hydrogen-bond cross-links so that subsequent swelling experiments 
reveal the backbone structure of the coal. It is apparent from these 
data that there is an increase of the degree of hydrogen bonding in 
the treated coal as compared to the raw and helium treated samples 
even in the backbone of the coal after room temperature extraction. 
Helium treated coal, again, shows the least amount of hydrogen bond 
association. 

When steam treated coal is exposed to air and then swelled in 
pyridine the swelling ratio is decreased to below that for raw coal. 
Exposure of helium treated coal to air has no effect on the swelling 
ratio. The decrease in swelling indicates an increase of cross-links 
of any kind. For the air exposed samples the formation of oxygen 
cross-links is a possibility. 

To wet steam treated coal with distilled water, 0.05% by weight 
Xanthum gum, a polymeric thickening agent was added. When swelling 
experiments were conducted in water, the increase of swelling for the 
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t r e a t e d  ample over the raw c o a l  w a s  s t a r t l i n g  (Table 1). There is a 
twofold ncrease  i n  t h e  swel l ing  va lue  of t h e  steam t r e a t e d  coa l  over  
the  raw c o a l .  

DRIS 
Samples of c o a l  t r e a t e d  i n  steam and helium, raw c o a l ,  and r a w  

coal  d r i e d  under  vacuum a t  90°C were examined by DRIS. There are no 
apparent d i f f e r e n c e s  among the samples i n  any reg ion  of  t h e  s p e c t r a  
except i n  the r e g i o n  a t t r i b u t e d  t o  -OH s p e c i e s  (3200-3700~m-~) ( F i g .  
1). All of the s p e c t r a  generated d i s p l a y  t w o  bands i n  t h e  hydroxyl 
region (F ig  2 ) .  I n  t h e  r a w  c o a l  sample t h e  broad qeak a t  3 3 0 0 ~ m - ~  
predominates and mostly occludes t h e  one a t  3550cm- . Vacuum dry ing  
of the c o a l  sample a t  90°C does not  a l t e r  t h i s  r a t i o .  I n  a l l  t h e  
t r e a t e d  c o a l  samples the peak he ight  r a t i o  of  t h e  two is reversed .  

whether the c o a l  i s  t r e a t e d  i n  helium o r  steam, and it is n o t  
e f f e c t e d  by exposure of  t h e  samples t o  a i r  f o r  b r i e f  t i m e s  (less than  
t e n  minutes ) .  

T h e  peak a t  3550cm-1 i s  c l e a r l y  v i s i b l e .  The e f f e c t  i s  evident  I 

0-Methylation 
The v a l u e s  for  t h e  relative enrichment i n  C-13 are given i n  Table  

5 f o r  raw I l l i n o i s  No.6 c o a l ,  raw c o a l  0-alkylated w i t h  l a b e l e d  
methyl iod ide ,  helium t r e a t e d  coa l ,  0-alkylated,  and steam t r e a t e d  
coa l ,  0-alkylated.  It is r e a d i l y  apparent  t h a t  t h e  steam t r e a t e d  c o a l  
a f t e r  a l k y l a t i o n  wi th  the l a b e l e d  methyl iod ide  i s  almost  doubly 
enriched i n  C-13. 

DISCUSS ION 
S w e l l  i n s  

Swell ing d a t a  show t h a t  it is n o t  a reduct ion of  hydrogen bonding 
i n  steam t r e a t e d  coa l  ;that i s  respons ib le  f o r  t h e  steam t r e a t e d  
c o a l ’ s  behavior .  On t h e  cont ra ry  t h e r e  is an i n c r e a s e  i n  hydrogen 
bonding i n  steam t r e a t e d  coa l .  Because of the a b i l i t y  of  water and 
water misc ib le  s o l v e n t s  t o  s w e l l  t h e  coa l  and t h e  i n a b i l i t y  o f . w a t e r  
inso luble  s o l v e n t  t o  s w e l l  t h e  coa l  t h e  fol lowing conclusions have 
been drawn. T h e  steam treated coa l  is not  of t h e  same s t r u c t u r a l  
makeup a s  t h e  raw c o a l ,  nor a s  t h e  helium t r e a t e d  c o a l .  One may 
p o s t u l a t e  two d i f f e r e n t  s t r u c t u r e s  f o r  t h e  modified coa l .  One 
i n t e r p r e t a t i o n  of t h e  d a t a  which can be made does not  inc lude  any 
chemical i n t e r a c t i o n  of t h e  water and the coa l .  Residual water  n o t  
removed i n  the d r y i n g  s t e p  of t h e  t reatment  process  acts t o  hold open 
t h e  coa l  s t r u c t u r e .  The water is miscible i n  p y r i d i n e  and water and 
t h u s  t h e  c o a l  s w e l l s .  A p o s s i b l e  a l t e r n a t i v e  s t r u c t u r e  c o n s i s t s  of  
newly formed p h e n o l i c  groups c rea ted  i n  t h e  h igh  p r e s s u r e  steam 
treatment .  The phenols  may form hydrogen bonds t o  each o t h e r  and t o  
t h e  c o a l  s t r u c t u r e .  These sites r e a d i l y  accept  t h e  water o r  water  
miscible s o l v e n t  and cause the coa l  t o  s w e l l  more than t h e  n a t i v e  
s t r u c t u r e .  

DRIS 
T h e  apparent  s h i f t  i n  t h e  r a t i o  of  t h e  two peaks which appear  

between 3200 and 3700cm-1 i n  t h e  I R  spectrum provides  a s i g n i f i c a n t  
c l u e  i n  de te rmining  what changes have occurred i n  t he  s t r u c t u r e  o f  
t he  coa l .  

The broader  o f  t h e  two peaks, centered.  around 3300cm’’, is 
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usually associated with phenolic, alcoholic, acidic, mineral and 
aqueous entities in the coal structure (Fuller and Smyrl, 1985). 
There is no reason to believe that there is a change in the mineral 
matter of the coal due to steam treatment. Therefore, to interpret 
the observed differences between raw coal spectra and steam treated 
coal spectra in this region we must focus our attention on alcoholic 
entities, specifically phenolic -OH. The sharper peak at 3550cm-1 in 
our samples may be attributed to intramolecularly bound -OH, which 
are higher energy, more tightly bound species. These materials have 
only a small amount of hydrogen bonding to other species. A 
comparison of these two peaks in the spectra of raw coal and treated 
coal shows that there is a shift in the ratio of these two peaks. It 
appears that the higher energy peak increases over the lower energy 
one. There are three ways to interpret these observations: 

1. If the total number of hydroxyl groups remains fixed, then 
high energy species have increased at the expense of low energy 
species. This implies a weakening of secondary bonding, principally 
hydrogen bonding. 

2 .  A decrease in the total number of hydroxyl groups would also 
imply a decrease in hydrogen bonding. 

3 .  If the shift is interpreted as principally resulting from an 
increase in the number of high energy hydroxyl groups (the total 
number of hydroxyl species increasing) the amount of hydrogen bonding 
in the coal could have increased. The new primary hydroxyl groups 
(e.g. phenols), if formed at sites which in the original coal were 
covalently bound, would hold the structure apart and prevent 
reformation of the covalently cross-linked structure. This leaves a 
partially depolymerized coal bound only by hydrogen bounds at the new 
hydroxyl functionalities. 

All three of these interpretations are consistent with the tenet 
that the coal is partially depolymerized in steam treatment. 
Combined, however, with the evidence from the swelling data, which 
indicates an increase in the degree of hydrogen bonding in the coal, 
the third of the above interpretations is considered most likely. 

0-Meth lation 
The ink-eased hydrogen bonding exhibited in the treated coal by 

the swelling experiments and the presence of a shift in the hydroxyl 
region of the infrared spectrum strongly indicate the presence of 
more OH functionality. The 0-alkylation procedure, first described by 
Liotta (1979) has proven to be an excellent quantitative way to 
measure the relative abundance of these groups. The use of a 
traceable alkylating agent, in our case C-13 labeled methyl iodide, 
allows for an accurate count of the number of reacted groups. 
Although NH, SH, and COOH sites will also react with the alkylating 
agent it is safe to assume that these groups are present only in 
minor amounts in the coal to start with and are not altered or 
removed in steam treatment. 

The incorporation of almost twice as many labeled C-13 groups in 
the steam treated coal as the raw coal and the helium treated coal 
substatiates the speculation that steam treated coal contains more OH 
groups. 
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CONCLUSIONS 
From t h e s e  f i n d i n g s  it is clear t h a t  steam t r e a t e d  coa l  has a 

s t r u c t u r e  a l t e r e d  from t h e  r a w  s t a r t i n g  coal. There is an inc lus ion  
of OH f u n c t i o n a l i t y  i n  t h e  s t r u c t u r e  which accounts  f o r  t h e  increased 
hydrogen bonding and t h e  s h i f t  i n  the I R  spectrum. A t e n t a t i v e  
hypothesis  f o r  t h e  i n c r e a s e  i n  t h e  e x t r a c t i o n  y i e l d s  a s  w e l l  a s  the  
pyro lys i s  y i e l d s  (both  prev ious ly  repor ted)  is t h a t  these new 
hydroxyl sites are formed dur ing  the steam t rea tment  a t  p l a c e s  i n  t he  
o r i g i n a l  c o a l  which were covalen t ly  bound. This  leaves  a p a r t i a l l y  
depolymerized c o a l ,  cross- l inked only by  r e l a t i v e l y  weaker hydrogen 
bonds. These bonds are h ighly  s u s c e p t i b l e  t o  water and w a t e r  miscible 
so lvents .  

The q u a l i t y  o f  the r e s u l t i n g  f u e l  produced from processing of 
t h i s  steam treated c o a l  is expected t o  b e  s u b s t a n t i a l l y  improved over 
t h a t  which would be o b t a i n a b l e  from a r a w  c o a l .  The weakened bonding 
s t r u c t u r e  of the c o a l  w i l l  promote t h e  product ion of lower molecular 
weight fragments. These, i n  t u r n ,  w i l l  be  easier t o  upgrade. 
Prel iminary f i n d i n g s  from an i n v e s t i g a t i o n  now underway suggest  that  
although t h e r e  is an i n c r e a s e  i n  t h e  number of  hydroxyl sites it is  
a t  t h e  expense of  o t h e r  organic  oxygen i n  t h e  coal. I n  other words  
t he  t o t a l  o rganic  oxygen conten t  o f  t h e  c o a l  does not  increase  on 
steam t rea tment .  This  may i n d i c a t e  t h a t  the c o a l  not  only w i l l  be 
more e a s i l y  upgraded as is mentioned above, b u t  a l s o ,  t ha t  t h i s  
t r e a t e d  coal is n o t  a worse feed f o r  f u r t h e r  processing than  r a w  coal  
a s  it does n o t  c o n t a i n  a d d i t i o n a l  oxygen. A f i n a l  po in t  t o  be made i s  
t h a t  the improved p r o p e r t i e s  of s t e a m  treated c o a l  a r e  achieved w i t h  
no expendi ture  of e lemental  hydrogen. T h i s  g ives  steam t r e a t e d  coa l  
an economic h e a d s t a r t  i n  upgrading t o  a more u s e f u l  f u e l .  
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Table 2 

Difference in Swellins Ratio (0) 
of Pyridine and Benzene Swollen Samples 

Raw 
In Air 

Extracted 

Steam Treated 
Under N2 

In Air 

Extracted 

Helium Treated 
Under N2 

In Air 

Extracted 

1.67 

0.60 

1.95 

1.46 

0.76 

1.24 

1.18 

0.44 

Table 3 

Relative Ratio of C-13/C-12 
In 0-Alkvlated Coals 

Sample Ratio 
Raw Illinois No.6 -25* 

0-methylated Raw Coal 4900 

0-methylated Steam Treated Coal 8240" 

0-methylated Helium Treated Coal 3789 

"Average of two values 
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Introduction 

The obvious practical importance of understanding soot formation 
processes has motivated a series of studies examining both the macroscopic, 
phenomenological parameters that affect soot formation such as flame type and 
temperature and the microscopic, chemical processes that may be responsible 
for the rate controlling soot initiation steps. 

At Princeton University, premixed and diffusion flame experiments have 
been conducted and have revealed the relationship between the sooting tendency 
of hydrocarbon fuels and temperature (1,2,3). The tendencies exhibited by 
fuels are different when measured in the two types of flames. Under premixed 
conditions, an increased flame temperature has been found to decrease the 
formation of soot. The details of the initial fuel structure, such as the 
isomeric distribution of side chains, degree of conjugation and aromaticity 
are unimportant to the sooting tendency except insofar as they contribute to 
the total number of C-C bonds. The general conclusions that have been deduced 
are that soot forms in the post flame'region from an essential precursor, 
probably acetylene, and the sooting tendency of a particular fuel depends 
primarily on the balance between the amount of soot precursor it forms (a 
function only of the number of C-C bonds) and the amount of precursor 
consuming OH radicals the fuel produces. The OH attack increases faster with 
temperature than does the soot precursor formation (1). The OH concentration 
is also proportional to the H/C ratio, which, too, is a function of the number 
of C-C bonds (1). 

Diffusion flame experiments have led to the observation of almost 
completely opposite patterns. An increase in the diffusion flame temperature 
has been shown to increase the sooting tendency of a hydrocarbon fuel. The 
particular structure of the fuel affects the degree of soot formation through 
the mechanism by which the fuel pyrolytically decays. Since different fuels 
have different pyrolysis mechanisms, the nature of the initial fuel structure 
becomes a significant determinant in the degree of soot formation. 
more, soot is formed in the pre-flame, fuel region. Consequently, oxidation at 
the flame front consumes fuel, fuel fragments and soot particles. Particles 
break through the flame front and become observed as soot only when there are 
lowered temperatures in a localized area and insufficient oxygen to consume 
both the molecular hydrocarbons and the soot particles. 

The details of the chemical mechanisms of the pyrolysis and oxidation 
processes that so strongly impact the sooting tendencies of various 
hydrocarbon fuels could not be revealed by the types of premixed and diffusion 
flame experiments that were performed. Insight into chemical mechanisms, 
however, has been obtained from chemical kinetic, flow reactor studies 
conducted at Princeton. Studies of the oxidation of benzene (4) ,  toluene ( 5 ) ,  
ethyl benzene ( 6 ) ,  propyl benzene (7,8), butyl benzene, alpha methyl 
naphthalene (lo), butadiene (ll), ethylene (E), propane (13), butane (14) and 

Further- 
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other hydrocarbons have revealed many of the mechanistic steps by which these 
fuels decompose. A limited number of pyrolysis studies have also yielded 
mechanistic information for oxygen free conditions. Despite the information 
obtained from the flow reactor studies, the absence of a chemical, soot 
formation mechanism has prevented the linking of the flow reactor derived2 
mechanisms with the pyrolysis and oxidation chemistry that must be responsible 
for the phenomenological observations of the flame studies. 

that evolved from a sequence of shock tube experiments on acetylene pyrolysis 
can serve as a partial frame work for connecting known chemical mechanisms 
with macroscopically determined sooting tendencies. The mechanism proposes a 
sequence of events starting from acetylene, proceeding through butadienyl and 
vinyl acetylenyl radicals to the formation of a phenyl radical (Table 1). 
From the phenyl radical, the growth of large polycyclic aromatics leading to 
soot would proceed relatively easily. This soot formation sequence should be 
appropriate for the post-flame region of a sooting premixed flame and the pre- 
flame fuel region of a diffusion flame. 

In this paper, a first attempt is made at using the postulated soot 
formation mechanism of Frenklach et al., as a framework for relating flow 
reactor derived oxidation and pyrolysis mechanisms to soot related, fuel and 
intermediates decomposition processes. In order to logically develop the 
relationship, the set of Princeton experiments will first be described, the 
results obtained from them succinctly stated and then the proposed chemical 
relationships discussed. 

A recently developed soot formation mechanism by Frenklach et al. (M), 

Experimental 
In both the premixed and diffusion flames the effects of temperature and 

fuel structure on the propensity to soot have been examined by changing the 
amount of diluent, usually nitrogen. Fuel structure effects were examined by 
the careful selection of a wide variety of hydrocarbon compounds. However, the 
two types of flames are very different in the manner in which the fuel and 
oxidizer come together at the flame front. 
profound effects on the above mentioned relationships between temperature, 
fuel structure and sooting tendency. 

In a premixed flame, fuel, oxidizer and diluent are mixed upstream of the 
flame front and arrive at the flame front as components of a homogeneous gas. 
In the Princeton experiments (l), preset quantities of nitrogen and oxygen 
were mixed with a variable amount of fuel and fed to a Bunsen type tubular 
burner. The sooting limit was determined by increasing the fuel flow rate 
while the oxygen and nitrogen flow rate were kept constant. When luminous 
continuum radiation was detected at the sides of the conical flame, the fuel 
flow rate was decreased just enough to cause the radiation to disappear. The 
average fuel flow rate associated with both the appearance and disappearance 
of luminosity was used to calculate the critical equivalence ratio for the 
onset of soot. To establish the critical equivalence ratio at another 
temperature, the same procedure was repeated with a different preset quantity 
of nitrogen. 

oxidizer meet in a reaction zone as a result of molecular and turbulent 
diffusion. The Princeton diffusion flame studies(Z,3) were conducted with a 
burner in which a central tube delivered fuel into an outer tube containing 
flowing air. An excess of oxidizer led to the elongated shape characteristic 
of an overventilated flame. The sooting tendency of a particular fuel was 
established using this burner by varying the volumetric fuel + diluent flow 
rate for a given amount of air. When visibly obvious soot particles exited 

As a consequence, there are 

A diffusion flame is unlike a premixed flame in that the fuel and 
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from an annulus around the top of the flame, the soot height, i.e. the length 
of the luminous zone measured from the burner lip to the flame apex, was 
measured. Sooting heights for different fuels with different amounts of added 
nitrogen or argon diluent were evaluated in order to establish the sooting 
propensity at different temperatures. 

(16). The flow reactor is a tubular, high temperature, turbulent reactor that 
is designed to permit the examination of oxidation and pyrolysis processes 
without complications due to the diffusion of heat and mass. Species 
concentrations with respect to time for a dilute reacting flow are obtained by 
withdrawing samples with a water cooled probe at discrete, well characterized 
locations within the tube. Analysis of the chemical content of each sample is 
performed with either gas chromatography or gas chromatography/mass 
spectrometry as is needed. Concentrations at the various locations in the 
reactor are related to the extent of reaction by taking into account the flow 
velocities within the reactor. Experiments examining the oxidation and 
pyrolysis of various hydrocarbon fuels have all been conducted at one 
atmosphere pressure and in a 900 to 1200K temperature range. The temperature 
range of the flow reactor, though lower than the range of hydrocarbon 
adiabatic flame temperatures, is nevertheless quite relevant to the chemistry 
of soot formation processes. The 900-1200K range corresponds both to the 
temperature in a flame where the initial fuel decomposition occurs and also 
the temperature of the zone of a flame where soot particles are first observed 

Results 

premixed flame temperature) for a wide variety of hydrocarbons is shown in 
Figure 1 (1). The critical effective equivalence ratio, i.e. the ratio of the 
stoichiometric oxygen necessary to convert a l l  the fuel to CO and H20 to the 
experimental amount, is used as a measure of the sooting tendency in the 
premixed flame. The larger is the critical equivalence ratio, the smaller is 
the tendency of fuel to soot. Therefore, from Figure 1 it can be seen that 
ethane at all temperatures has a much smaller tendency to soot than does 
methylnapthalene. The single, most obvious trend in Figure 1 is that for all 
fuels, the sooting tendency decreases as the flame temperature is increased. 
Furthermore, the change in sooting tendency with temperature is roughly the 
same for all fuels regardless of fuel type. Consequently, a vertical slice 
through Figure 1 at any one temperature should permit an ordering of sooting 
tendencies that is representative of those at all temperatures. 

Such an ordering is presented in Figure 2 for a flame temperature of 
2200K (1). The abscissa, "number of C-C bonds", 
of carbon to carbon bonds in the parent fuel molecule when each single carbon- 
carbon bond is considered to contribute one, each double bond contributes two 
and each triple bond contributes three to the total number of bonds. The 
predictive correlation of Figure 2, which is independent of a detailed 
knowledge of isomeric structures, conjugation and even aromaticity, implies 
that fuel structure is an inconsequential factor in soot formation in premixed 
flames. The results of these premixed flame experiments along with those that 
have examined the post-flame region as a function of initial fuel type (18), 
suggests that soot formation occurs in the post flame region from a universal 
soot precursor whose concentration but not nature is affected by the structure 
of the initial fuel. 

hydrocarbons as a function of temperature is shown in Figure 3 (19). 

For the chemical mechanism studies, the Princeton flow reactor was used 

(17). 

For premixed flames, the sooting tendency (as a function of the adiabatic 

represents the total number 

The results of a diffusion flame study of the sooting tendency of 
The 

I 
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sooting tendency is measured by the inverse of the volumetric flow rate at the 
smoke height. The smaller the inverse flow rate the smaller the tendency to 
soot. The sooting tendency of different classes of species varies widely from 
class to class but is relatively constant within a class. For example, 
aromatic compounds such as benzene, ethylbenzene and methylnaphthalene soot 
much easier that do the small alkenes such as propene, butene and even 
cyclohexene. 
temperature dependencies as revealed by the slopes of each line in Figure 3. 
However, in contrast to the behavior of hydrocarbon fuels in premixed flames, 
fuels show an increasing sooting tendency with increasing flame temperature. 

flames cannot be developed from the diffusion flame results. It appears that 
initial fuel morphology does play an important part in the tendency of a fuel 
to soot as is evidenced in Figure 3 by the groupings of sooting tendency 
according to class of hydrocarbon. Since hydrocarbon fuels will pyrolytically 
decompose at the temperatures present in the oxygen-free fuel stream a 
distance far from the flame front. the conclusion can be drawn that the effect 
of initial fuel structure on sooting tendency is manifested through pyrolysis 
processes. 

concisely summarized in three plots as were the flame results. Generally, each 
oxidation study is conducted at rich, stoichiometric and lean equivalence 
ratios at one or more temperatures. From the many species concentration 
profiles with respect to time that are obtained, mechanistic information is 
deduced. The mechanism of the high temperature oxidation of benzene/phenyl 
radical that was developed from a series of such flow reactor oxidation 
studies is displayed in Figure 4 (16). This mechanism, as well as the one for 
butadiene that follows, were chosen for display from among the many that have 
been obtained from flow reactor studies because of their particular relevance 
to important elements of the soot formation process. 

step process involving C6’  Cs and C4 stable radicals. At the temperature of 
the oxidation studies, 1000-1200K, oxidative attack was the predominant mode 
of decomposition, since purely pyrolytic processes are too slow. 
oxidation sequence as outlined ends with the ring opening formation of either 
butadiene or the butadienyl radical. The oxidation characteristics of 
butadiene have been the object of another, different set of flow reactor 
studies (11). These studies have resulted in the development of 8 mechanism 
that extends the benzene mechanism just presented. This butadiene/butadienyl 
oxidation mechanism is given in Figure 5. 
Discussion 

experimental results, the assumption must be made that the diffusion of 
species in flames affects the rates of reactions but not the basic pathways of 
a chemical mechanism that would occur in a reduced diffusion, flow reactor 
environment. Some preliminary, direct comparisons of flame species obtained 
from the probe sampling of a diffusion flame and flow reactor pyrolysis 
experiments appear to support this conclusion ( 2 0 ) .  Presumably, diffusion of 
species would also leave the basic mechanisms of oxidation and pyrolysis in 
premixed flame essentially unaffected. 

in which the fuel rapidly breaks down in an oxidizing environment to 
acetylene; the acetylene passes through the flame front, and then reacts to 
form soot. If the initial fuel is benzene, it is oxidized in the homogeneous 

The classes of compounds also have very different sooting 

A structure independent correlation of the type available for premixed 

Flow reactor studies of hydrocarbon fuels, unfortunately, cannot be so 

The mechanism of Figure 4 indicates that benzene is oxidized in a step by 

The benzene 

Before discussing the relationship between flame and flow reactor 

Therefore, premixed sooting flames can be conceptually viewed as flames 
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pre-flame region to mostly CO, H20 and a small amount of acetylene. The 
acetylene that survives the flame front then grows through the Frenklach 
mechanism (15) back up to phenyl radicals and/or benzene. In some sense, the 
process is symmetric with respect to the flame front. The benzene oxidation 
mechanism derived from the flow reactor is applicable both to the rapid p r e  
flame benzene decomposition processes and the post-flame benzene and/or phenyl 
radical consumption reactions. 

The pre-flame benzene decomposition oxidation reactions, if very rapid, 
will lead by the step by step mechanism of Figure 4 to a large buildup of 
acetylene. 
near the flame front would presumably lead to a large acetylene concentration 
in the post-flame region, these oxidation reactions are soot enhancing. 

In contrast, any oxidation reactions in the post-flame region that 
consume species involved in the Frenklach soot growth mechanism will be soot 
retarding and perhaps even inhibiting. For example, vinyl acetylene, a key 
species in the soot formation mechanism, may be attacked by an 0 atom leading 
to the formation of allene and CO as indicated in Figure 5. Though the allene, 
through subsequent reactions may contribute species, such as acetylene, that 
can enter back into soot formation mechanism they do so at a lower molecular 
weight level with a consequent delay in the formation of soot. Therefore, the 
oxidation processes serve to drain species out of the soot formation route. 

benzene can occur in the post-flame region because of some 02 and significant 
quantities of OH and 0 that are found there. The phenoxy quickly decomposes to 
cyclopentadienyl which itself will be oxidized. Thus the post-flame benzene 
consuming reactions interfere with the further growth of large molecules by 
removing or delaying the concentration growth of an essential soot building 
block, the phenyl radical. These reactions are therefore soot inhibiting. 

Paradoxically, it appears that oxidative attack on some soot formation 
intermediates could actually contribute to soot formation. For example, 
butadienyl radical is postulated to be a key species in the route leading to 
the first aromatic ring. The butadienyl radical can decompose to vinyl 
acetylene as indicated in Figure 5 through reaction with 02 or collision with 
a third body designated as M. 
concentration of 02 is high enough, may even be faster than the unimolecular 
decomposition. 
considerable fraction of the initial 02 persists into the post-flame region, 
the accelerative effect of 02 on the rate of soot formation may be 
significant. 

The benzene oxidation mechanism of Figure 4, when developed into a 
detailed mechanism of the type now available for smaller hydrocarbons and 
coupled with an advanced flame model, can potentially yield an analytic 
prediction of the amount of acetylene that is formed in the pre-flame region 
and which then survives into the post-flame zone. 

result of fuel pyrolysis reactions occurring in the relatively oxygen free 
pre-flame, fuel stream. Consequently, the soot formation mechanism of 
Frenklach et al.. which is, in fact, a pyrolysis mechanism, would be most 
appropriate for the fuel stream reactions of diffusion flames. However, in 
contrast to the situation for premixed flames, there is no experimental 
indication that hydrocarbon fuels must break down to acetylene before building 
back up to larger molecules. Pyrolysis reactions in the fuel stream that 
produce directly any of the larger members of the soot formation route would 
contribute to an increased sooting tendency. An indication of the routes 

Since a large concentration of acetylene on the pre-flame side 
1 
( 

4 

In a similar way, the formation of phenoxy or phenol from phenyl and/or 

The decomposition reaction with 0 2 ,  when the 

Since it is known from sampling in flames (21) that a 

In diffusion flames, soot formation can be viewed conceptually to be the 
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3. 

through which fuel decomposition might feed large species into the soot 
formation route could come from flow reactor pyrolysis experiments augmented 
by higher temperature mechanistic information available in the literature. 

An obvious example of such a case is the pyrolysis chemistry of benzene. 
Flow reactor pyrolysis experiments have indicated that though it is difficult 
to decompose benzene thermally, when the molecules do break apart they form 
vinyl acetylene, butadiene and acetylene (22). Higher temperature experiments 
performed in a very low pressure pyrolysis apparatus (23) revealed the 
formation of these same intermediates as well as others. High temperature 
shock tube pyrolysis experiments corroborate both of these experimental 
findings and emphasize the importance of phenyl radical formation (24). 
Clearly, benzene fuel in a diffusion flame not only will decompose 
pyrolytically to the starting materiel in the soot formation mechanism, 
acetylene, but also provides some of the essential vinyl acetylene and phenyl 
radical building blocks necessary for the formation of the polycyclic 
aromatics. In view of the intermediates known to be formed during benzene 
pyrolysis, it is not surprising that the data of Figure 3 indicate that 
benzene soots very easily. 

form the exact C2,  C4 and Cs species that appear in the soot formation 
mechanism. Sometimes, it is sufficient for the pyrolytic decomposition simply 
to produce stable intermediates which themselves appear to easily form the 
appropriate species. An interesting demonstration of this point results from a 
flow reactor examination of the major pyrolysis intermediates of iso-octane 
and n-octane (25). Though both fuels pyrolytic decomposed rather quickly, 
each 'one produced a different major intermediate. The pyrolysis of iso-octane 
was found to yield primarily iso-butene and some propene. The corresponding 
pyrolysis of n-octane yielded mostly ethylene and also some propene. The 
diffusion flame data of Figure 3 indicates that iso-octane has a significantly 
greater tendency to soot than does n-octane. In fact, the sooting tendency of 
iso-octane is close in magnitude to that of its primary pyrolysis 
intermediate, iso-butene. In contrast, the sooting tendency of n-octane 
approaches the reduced value of ethylene, its major pyrolysis intermediate. 
The comparison between the sooting tendency of the two isomeric octanes, and 
their pyrolysis intermediates is another example of the importance of initial 
fuel structure to sooting in a diffusion flame. 

Experimental results on the addition of small amounts of oxygen to the 
fuel side of various sooting diffusion flames have yielded some interesting 
insights into the relationships between sooting tendency and chemical 
mechanism. The oxygen effect w a s  found to be exceptionally strong in ethene, 
less so in propene, and negligible for the alkane fuels (26,27,28,29,30,31). 
It would appear that the normal radical pool formed during thermal pyrolysis 
of most fuels in diffusion flames is so large that the additional radical 
reactions due to the presence of small amounts of oxygen lead to no overall 
gain in the extent of the radical pool which governs the overall pyrolysis 
rate. This pyrolysis condition is true for all aliphatic hydrocarbons except 
ethene, and to some extent propene. For ethene, oxygen increases the radical 
pool extensively. Consideration of the bond strengths in ethene and propene 
would lead one to perhaps expect the trend postulated. 
(31) by computations in which a comprehensive chemical kinetic mechanism for 
the oxidation of butane (14), developed in part with flow reactor data, was 
adapted to apply to the pyrolysis of ethene, propene and acetylene. Although 
there are no experimental data for oxygen effects on accelerating the sooting 
of acetylene, from bond strength considerations one would expect a strong 

However, it is not necessary that the hydrocarbon pyrolysis processes 

Verification was shown 
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effect and the flow reactor based computations do show substantial increase in 
the radical pool with oxygen addition. 
for benzene. 
experimental results (29) show that oxygen accelerates the sooting of benzene. 

There is, of course, a temperature effect when considering the role of 
oxygen in accelerating pyrolysis of fuels. The higher the temperature, the 
less is the accelerative effect (32,33). Most fuels show increased pyrolysis 
rates with oxygen addition at Lower temperature (32,33). 
in the previous paragraph were for high temperatures (-1100-1300 K). 
laminar diffusion flames the temperature time history of a pyrolyzing fuel 
element is short compared to low temperature flow and static reactors. Since 
it has been established that the onset of soot formation in a diffusion flame 
coincides with the points on the temperature profiles corresponding to about 
1300 K (17,34), it is very apparent that the high temperature comparisons are 
the ones of importance. 
that the initiation step is accelerated in addition to increasing the radical 
pool. The computations (31) appear to confirm this statement. The general 
pyrolysis mechanism does not seem to change otherwise. Flow reactor 
experimental results confirm that there is no appreciable, if MY, 
accelerative effect of oxygen on the pyrolysis of propane, propene or butane 
(33) at high temperatures and an appreciable effect on ethene (35). 
Summary 

various hydrocarbon fuels and chemical mechanisms derived from flow reactor 
experiments have been developed. 
and butadiene, in particular, have been related to both sooting premixed and 
diffusion flames despite the large difference in basic flame structure. 
recently developed soot formation mechanism has provided the linking framework 
between chemical mechanism and observable sooting tendencies. The same 
framework has permitted the application of flow reactor based chemical models 
to the prediction and explanation of the effect of oxygen addition on sooting 
diffusion flames. 

Similarly one would expect the same 
Although no computations for benzene were performed, 

The comparisons made 
In 

This temperature sensitivity CM lead one to conclude 

The relationships between flame studies of the sooting tendencies of 

The mechanisms for the oxidation of benzene 
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BENZENE OXIDATION MECHANISM 
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Figure 4 .  Benzene oxidat ion mechanism (from re f .  1 6 ) .  
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BUTAD- OXIDATION MECHANISM 
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The Formation of Soot and Polynuclear Aromatic Compounds in the  
Low-Temperature Pyrolysis of Alkynes 

by 
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Abstract 

The pyrolysis of vinylacetylene (CHz=CH-CnCH), 2-methylbut-1-ene-3-yne 
(CHZ=C(CH~)-C~CH), acetylene-vinylacetylene mixtures and acetylene-styrene 
mixtures a t  300-55O'C produced polymer and adducts (or dimers) in parallel 
independent homogeneous second-order reactions. At  the temperatures of the 
studies, the polymerization reaction dominates, but because the Arrhenius 
parameters a r e  smaller for the polymerization process, i t  should become 
relatively less important above e850K. The respective Arrhenius A factors are 
about 106.5 and 108.0 M-1 sec-1 for polymerization and adduct formation (or 
dimerization) and the respective activation energies are about 90 and 125 
k J/mole. 

The adducts (or dimers) a re  cyclic compounds some of which are aromatic. 
With continued heating they can lose hydrogen and condense to higher 
polynuclear aromatic compounds. The polymer chars on heating, presumably 
because of hydrogen evolution. The second-order removal processes dominate 
over unimolecular decomposition at the temperatures studied and can remain 
significant for temperatures in excess of 1200K. Both second-order processes 
should be important in soot formation. 
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Early Work 

Soot and the aromatic compounds a re  well-known products of the 
They include polynuclear aromatic low-temperature pyrolysis of hydrocarbons. 

compounds, some of which a re  carcinogenic. 

The pyrolysis of C2H2 has been studied for over 50 years, a n  early work 
being done by Pease (1929) who reported only polymerization at 400-6OO'C. 
Munson and Anderson (1963) studied the reaction in a flow reactor between 
500 and 850'C. Apparently they were the first  to show that  the exclusive 
initial product is  vinylacetylene. In a companion study, Hou and Anderson 
(1963) found that no free radicals were formed a t  temperatures up to 700'C in 
the pyrolysis of acetylene, vinylacetylene or diacetylene. 

Cullis and Franklin (1964) studied the pyrolysis of C2H2 from 500-1OOO'C 
and confirmed that the sole initial product w a s  vinylacetylene. The 
diacetylene seen comes from the heterogeneous decay of the vinylacetylene. 
They found the reaction to be second order in C2H2, and to be unaffected by 
the presence of other hydrocarbons. By comparing their results with earlier 
work, they concluded that a single mechanism prevails for the  pyrolysis of 
C2H2 from 350-25OO'C. The reaction is second order with log(k, W1 8-l) = 
10.8 - 41,600/0 where e = 4.575 T (Cullis and Read, 1970). Palmer and Cullis 
(1965) have pointed out that vinylacetylene is the sole initial product a t  
temperatures a t  least up to 1300'C. Subsequent work by Ogura (1977) of the 
shock decomposition of C2H2 gave log (k, Wlsec- l )  = 11.39 f 0.26 - (46,000 f 
1400/@ from 1000-1670K. 

Extended pyrolysis of C2H2 does produce many other products. Stehling 
e t  a1 (1962) studied the reaction at  600-9OO'C and found benzene a s  the main 
product a t  600'C with some vinylacetylene and styrene present. A t  700'C, 
indene, naphthalene, and other unidentified products were seen. Above 800'C, 
H2 and C2H4 became important, though they were seen along with CH4 for 
very extended conversions a t  600'C. The aromatic compounds are produced a t  
temperatures up to 800'C, at which temperature they start dehydrogenating. 
The vinylacetylene reached a maximum concentration a t  600-65O'C. The 
aromatic compounds formed must come from reactions of vinylacetylene, either 
by itself or with C2H2. 

The f i rs t  study on vinylacetylene pyrolysis w a s  done by lkegami (1963). 
He studied the reaction at 300-4OO'C and found two processes, a rapid 
polymerization and a slow decomposition to produce mainly H2, C2H4, C2H6, 
CH4, and small amounts of C2H2. The rate w a s  second order in C4H4 with a 
rate coefficient of 1.85 x lo8 exp(-25,300/1.987T) M1 6-l. 

The pyrolysis of vinylacetylene w a s  also studied by Cullis e t  a1 (1967) 
and Cullis and Read (1970). They studied the reaction between 300 and 620'C 
and found i t  to be quite different below and above 500'C. Below 500'C only 
polymerization occurred in a second order reaction with an activation energy 
of 28 kcal/mole. These results agree with those of Ikegami (1963). Above 
500'C it WMS found that polymerization was accompanied by large amounts of 
low molecular weight products, mainly H2 and CzH2, though CH4, C2H4, and 
soot Were also formed. Diacetylene and methylacetylene were not produced 
under any  conditions. 

i 
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Cullis and Read (1970) found that the addition of CzH2 to vinylacetylene 
had no effect o n  the vinylacetylene pyrolysis a t  478'C, even for an acetylene 
concentration twice  that of vinylacetylene. On the other hand, Yampol'skii e t  
a1 (1968) found that a t  800-950'C, vinylacetylene removal was slower in a 
mixture of 0.5% vinylacetylene and 99.5% CZHZ than in a mixture of 0.5% 
vinylacetylene and 99.5% Xe, and they reported the respective rates in terms 
of first  o rder  removal coefficients. Furthermore in the presence of CZHZ, 
though the vinylacetylene removal rate was reduced, benzene w a s  produced. 

Polymer Formation 

The pyrolyses of several alkyne systems have been studied in our  
laboratory f r o m  300-55O'C. The dominant product in all cases is a yellow 
polymer which settles on the wall of the reaction vessel. This polymer is 
stable a t  =300'C, but slowly becomes black over a period of weeks a t  higher 
temperatures. Presumably hydrogen is being evolved from the polymer and it 
becomes soot. 

The systems studied include pure vinylacetylene (CHz=CH-C=CH), pure 
2-methylbut-1-ene-3-yne (CHz=C(CH3)-CeCH), vinylacetylene-acetylene (CZHZ) 
mixtures and acetylene-styrene (CgHgCH=CH2) mixtures. In all cases the rate 
of disappearance of reactants was homogeneous, second order, and unaffected 
by the addition of excess N2 o r  He. For the pure C4H4 and C5Hg systems t h e  
reaction was second order in the  reactant, whereas for the mixed systems, t he  
removal rate for CzH2 o r  C8H8 was first  order in each reactant. The rate  
coefficients and temperature ranges used are summarized in Table 1. 

Presumably the polymerization occurs through a free-radical addition 
mechanism. For the  pure C4H4 system the basic mechanism would be: 

2C4Q + ZR. (H-atom transfer) 
R .  + C4Hq + R .  

2R. + R2 

k i  
kP 
k t  

which leads to the rate law 

-d[CqHqI/dt = (Zki t kp(ki/kt)1/2)[C4H412 

The mechanism and rate l aw for the C5H6 system is analogous. Since 2ki is  
small compared to kp(ki/kt)l /z,  the overall Arrhenius A factor for the reaction 
is  given by  Ap(Ai/At)1/2. The expected values for Ai and Ap a re  =lo8 M-1 
sec-1 since these a r e  typical second-order reactions. Radical-radical 
termination reactions occur near collision frequency, and since R .  is a large 
radical, w e  ex ect A t  I 10l1 W1 sec-1. Thus the overall A factor should be 
108 x (108/10f1)1/2 = 1065 M-1 sec-1 in agreement with the observation of 
Lundgard and Heicklen (1984) for C4H4 and Chanmugathas and Heicklen (1985) 
for CjH6. The overall activation energy is Ep + Ej/2 since Et = 0 and is  
about 90 kJ/mole. 

For the  QH2-CqHq system the initiation and termination s teps  a re  t h e  
same as for  pure C4H4, since CzH2 self polymerization was negligibly slow 
under the conditions of the study. liowaver an additional propagation step is 
needed: 
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i 
I 

R .  + C2H2 + R 

so that 

- d [ C ~ H ~ l / d t  = k,(ki/kt)l/2[C2H2J[CqHql 

in agreement with the observations. The values for the overall Arrhenius A 
factor and activation energy should be similar to those for the one-compound 
polymerizations, as  indeed they are. 

The C Z H ~ - C ~ H ~  polymerization i s  considerably more complex nnd not 
completely understood. The polymeriFation of either compound alone was 
negligibly slow under the conditions studied, yet copious amounts of polmyer 
were produced in the mixed system. A tentative mechanism has been 
suggested (Chanmugathas and Heicklen, 1987) in which initiation occurs by the 
interr-ction of 2C8H8 molecules: 

2 ~ 8 1 ~ 8  + ~ 1 .  1 

The R1’  radical presumably does not add readily lo styrene, but does add 
readily to C2H2 

R1‘ + C2H2 + R2’ 2 

where the distinction between R1’ and H2’  radicals is that the former has a 
styrene end group, whereas the latter has an acetylene end group. The R1. 
radicals can also terminate: 

2R1. + Termination 3 

The R2’ radicals add preferentially to C2H2 to regenerate R2. type radicals, 
but occasionally they generate a different radical, R3., which adds  
preferentially to styrene to give a n  R 1 .  type radical: 

4a 
41J 
5 

This mechanism leads to the r a t e  laws 

-d[CgH8]/dt = ZkliC8H8]2 ;C k2(k1/k3)lI2 [CzHz] [CsHs] 
-d [C~H~l / ( i t  = k ~ ( k i / k 3 ) ~ / ~ L ( k 4  + k$b)/k4bl [CzHzl [C8H81 

If 2kl < <  k2(kl/k3)1/2, then QII8 removal is first-order in both reactants and 
the rate coefficient parameters should be similar to those for the other 
systems in agreement with the observations. The CzH2 removal r a t e  is 
first-order in both reactants but is much larger than that for Cam by the 
factor (k4 + k$b)/kqb. 

Many addition polymers have a ceiling temperature a t  which their ra te  of 
depolymerization equals their rate of polymerization, and the polymer is not 
produced a t  higher temperatures. Usually this occurs because the 
polymerization process produces C-C single bonds which a r e  the  weakest 
bonds in the polymer and a re  ruptured on heating. This does not appear to 
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be the case with polyrncrs produced from acetylenes. C-C single bonds a re  
formed but they are sandwiched between C=C double bonds giving rise to a 
conjugation effect. Thus the C-C single bond energies are strengthened to 
>400 kJ/mole while the tertiary vinylic C-H bonds a re  weakened to 1335 
kJ/mole. Therefore instead of depolymerization at  high temperature, C-H bond 
scission occurs and hydrogen is released leaving behind R char (or soot). 
Thus the polymerization followed by charring could be a n  important 
soot-producing process in the low-temperature pyrolysis of hydrocarbons. 

I t  is interesting to see at what temperatures the polymerization process is 
important. This can be computed precisely for C4H4 since i t s  first-order 
decomposition rate has been measured recently by Hidaka e t  a1 (1986) to be 
6.1 x 1013 exp(-335 kJ/mole-RTI sec-1. . With this expression and the Arrhenius 
parameters obtained by Lundgard and Heicklen (1984) for total C4H4 removal 
a t  low temperatures where polymerization predominates, we can obtain 
[CqII4]1/2, the concentration of CqIIq where equal amounts of it disappear by 
unimolecular decomposition and polymerization. The curve marked 
polymerization in Fig. 1 shows a plot of log{[CqHq]1/2) vs. temperature. From 
this curve it can be seen that the polymerization dominates over decomposition 
a t  lOOOK for C4H4 pressures in excess of 0.1 Torr or at 1200K for C4H4 
presures in excess of 20 Torr. Soot formation through polymerization i s  
important a t  temperatures up  to a t  least 1200K and may be significant a t  
temperatures up to 1400K. 

Adduct Formation 

Adduct formation occurs along with polymerization. Thus in the single 
reactant systems dimers are produced along with polymer, but no trimers or 
tetramers were seen. In the mixed systems adducts of the two reactants w e r e  
observed. Both polymerization and adduct formation (dimerization) a re  initial 
processes as determined by examining time histories of the curves of growth. 
Furthermore they a r e  c:ompletely independent of each other and do not 
proceed through a common intermediate. This conclusion c o m e s  from the rate  
laws by the following argument. Let us assume that the two processes have 
some common intermediate I. Then the general mechanism would be 

A t B - t I  
I + A (o r  B) + Polymer 

nI -t Adduct 

where A and B are the two reactants. This general mechanism requires that 
the rate law for polymer formation be of higher order than for adduct 
formation, contrary to  observation. Therefore the two processes cannot have 
a common intermediate. The adduct formation occurs by a concerted or 
diradical process. Presumably the polymerization occurs via a mono radical 
chain mechanism. 

In our laboratory, acetylene and vinylacetylene mixtures were pyrolyzed 
a t  400-5OO'C in the absence and presence of 0 2  or NO (Chanrnugathas and 
Heicklen, 1986). The major product of the interaction between C2H2 and C4Q 
w a s  polymer, but benzene w a s  also produced. Both the C2H2 removal and 
CgH6 formation rates were first-order in C2H2 and C4H4. The rate coefficient 
parameters are listed in Tables 1 and 2, respectively. Benzene formation 
occurred by two processes: a concerted molecular mechanism ( ~ 6 0 % )  and a 
singlet diradical mechanism ( ~ 4 0 % ) .  
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In order to investigate the low temperature (below 5OO'C) pyrolysis of 
vinylacetylene as an  avenue for polynuclear aromatic hydrocarbon formation, it 
is essential to look a t  the formation of higher molecular weight products. Due 
to experimental limitations, however, the two early studies (Ikegami, 1963; and 
Cullis and Read, 1970) in t h i s  temperature range were only able lo monitor 
lower molecular weight products such as  Hz, CH4, C2H2, CzH4, CzHg, C3Hg and 
in one case benzene. Also, kinetic data were limited to vinylacetylene removal 
rates as a function of temperature. 

Therefore, a study w a s  undertaken in our laboratory in order to obtain 
more detailed kinetic information about the low-temperature pyrolysis of 
vinylacetylene, paying particular attention to higher molecular weight products 
formed during the early stages of reaction. Thus we have examined the 
pyrolysis of vinylacetylene a t  300-45O'C (Lundgard and Heicklen, 1984). 
Vinylacetylene removal w a s  found to be second-order with rate coefficients 
similar to those reported by Ikegami (1963) and Cullis and Read (1970). In 
agreement with the earlier work, we found no effect of added gases (N2, He in 
our case) and that the main product w a s  polymer which coated the reaction 
vessel walls. However, in addition we found that 20% of the vinylacetylene 
was converted to styrene, a dimer of vinylacetylene. This provided the first  
direct evidence of how aromatics are produced from the pyrolysis of smaller 
hydrocarbons. 

The reaction for vinylacetylene removal nnd CgHg formation is 
homogeneous, second-order in reactant, and independent of the presence of a 
large excess of N2 or He. However CgHg formation is about half-suppressed 
by the addition of the freo radical scavengers NO or e. The major reaction 
for C4H4 removal is polymerization. In addition four Caw isomers, carbon, 
and small hydrocarbons a re  formed. The three major C8H8 isomers a re  
styrene, cyclmctatetraene (COT), and 1,5-dihydropentalene (DHP). 

The C8Hg compounds a re  formed by both molecular and free radical 
processes in a second-order process with an  overall k 2 3 x lo8 exp(-122 
kJ/mole kT) Ml-sec (average of packed and unpacked cell rebiirlts). The 
molecular process occurs with an  overall k = 8.5 x lo7 exp(-188 kJ/mole RT) 
MI-sec. The COT, DHP, and a n  unidentified isomer (d), a re  formed exclusively 
in molecular processes with respective rate coefficients of 4.4 I lo4 exp(-77 
kJ/mole RT), 1.7 x lo5 exp(-89 kJ/mole RT), and 3.1 x IO9 exp(-148 kJ/mole RT) 
M1-sec. The styrene is formed both by a direct free-radical process and by 
isomerization of COT. 

Lundgard and Heicklen (1984) pointed out that the mechanism for styrene 
formation could involve a modified Diels-Alder reaction with either of two 
intermediatea: 
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or 

\ H J 

W i t h  either of the transition states it is necessary to transfer a hydrogen 
a t o m  before ring closure. 

In order  to distinguish which intermediate is  involved in styrene 
formation a study w a s  made of the  pyrolysis of 2-methylbut-1-ene-3-yne: 
CH2=C(CH3)-CaCH (hereafter referred to as C5H6). For this molecule t h e  t w o  
intermediates will give different products. The head-to-head addition will give 
a meta-substituted product, while the head-to-tail addition will give a 
para-substituted product. 

The pyrolysis of 2-methylbut-1-ene-3-yne (C5H6) has been studied from 
375-45O'C in a quartz reaction vessel in the absence and presence of 0 2  or NO 
(Chanmugathas and Heicklen, 1985). From 375-425'C, the rates of 
disappearance of reactant and of formation of dimers a re  second order in 
C5H6. The major product is polymer, with the dimers accounting for about 3% 
of the C5H6 consumed. In  addition toluene and p-xylene are produced, their 
production coming, a t  least in part ,  from decomposition of the  C5Hg dimers 
(C10H12). Also trace amounts of CH4, C2H4, C2H6, and C3H6 a r e  formed. The 
rate coefficient parameters for C5H6 removal and CloH12 formation in the 
absence of 02  or NO a re  listed in Tables 1 and 2, respectively. 

The reaction mechanism for dimer formation is analogous to that in  
vinylacetylene (C4H4) pyrolysis (Lundgard and Heicklen, 1984), except that in  
the  C4H4 system cyclooctatetraene is seen as an  unstable product that  
isomerizes to styrene, whereas in the  C5H6 system, the dimethylcyclo- 
octatetraene apparently is too unstable to be detected. The dimers detected 
were 2,6-dimethylstyrene (P4), p-isopropenyltoluene (P5), and 2 other 
unidentified dimers (P3) with nearly identical gas chromatographic retention 
t imes.  From the effect of the radical scavengers and by comparison of the  
C4H4 and C5H6 systems, the following mechanistic characteristics were 
determined: 

1) The direct formation of styrene in the C4H4 system comes from a 
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head-to-head "modified Diels-Alder" 6-member cycloaddition which proceeds 
through a diradical intermediate. 

2) There is no conclusive evidence for a direct head-to-tail "modified 
Diels-Alder" 6-member cycloaddition. However, if it does occur, i t  does not 
involve diradicals, but must be concerted. Presumably this i s  how the  
unquenchable C6H6 is  formed in the C2H2-CqHq reaction. 

3) Cyclooctatetraene is formed in concerted, non-free radical mechanisms 
which may proceed both by head-to-head and head-to-tail 8-member 
cycloadditions. For the C5H6 system, the head-to-head adduct isomerizes to 
P3, whereas the head-to-tail adduct isomerizes to P3, P4, and/or P5. Kinetic 
data suggest that P3 is not produced from the cyclwctatetraene intermediate, 
in which case, head-to-head addition would not occur. 

I t  apears that the head-to-head additions are free radical in nature and 
proceed mainly through a 6-membered ring intermediate, while head-to-tail 
additions are a concerted molecular process and proceed mainly through a n  
8-membered ring intermediate. 

Chanmugathas and Heicklen (1987) have found that styrene adds  to 
acetylene in a homogenous second-order reaction with a rate coefficient of 
log(k(C1OH10). W1-sec-l) = 8.24 f 0.62 - (143 f S)kJ/mole-RT from 450-55O'C 
to produce methyl indene and 1,2-dihydronaphtahlene as initial products. 
These products then decay to produce indene and naphthalene, respectively. 

1,2 dihydronaphthalene naphthalene meth ylindene indene 

These experiments suggest how larger polynuclear aromatic systems may 
be produced. Presumably if vinylacetylene w e r e  added to styrene, then 
vinylnaphtahlene might be produced, which in turn could add to acetylene to 
product anthracene and phenanthrene. 

In summary we have discovered a new class of reactions: the 
second-order homogeneous reaction of alkynes to form adducts. There are 
three pieces of evidence that these reactions a re  homogeneous. First, all four 
systems studied give normal homogeneous second-order Arrhenius 
preexponential factors of log(A, Mlsec-1) I 8. Second the addition of a large 
excess of inert  gas (N2 or He)  had no effect on the rate coefficients. Third, 
for the one system in which packed vessels were used, the rate constants for 
vinylacetylene dimerization w a s  unaffected by a change in surface-to-volume 
ratio of 59. 

At the  temperatures for which these systems were studied, the 
polymerization process was much more important than adduct formation. 
However its Arrhenius parameters a re  smaller than those for adduct formation 
(see Tables 1 and 2). Thus a t  higher temperatures the relative importance of 
adduct formation will become greater. We can use the rate coefficients for 
adduct formation for C4H4 obtained by Lundgard and Heicklen (1984) and for 
C4H4 unimolecular decomposition of 6.1 x 1013 exp(-335 kJ/mole-RT) sec-1 
obtained by Hidaka e t  a1 (1986) to obtain [CqH4]1/2 when the two processes 
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for C4H4 removal are equal. This C4H4 pressure is shown in Fig. 1 as a 
function of temperature by the curve makred dimerization. The dimerization 
becomes m o r e  important than polymerization at temperatures above 860R. It is  
equal to unimoleculnr decomposition at 10 Torr pressure of C4f4 at 1250K and 
can play a significant role at even higher temperatures. 

The dimerization or adduct formation forms aromatic compounds which can 
continue to add acetylenic compounds to form polynuclear aromatic compounds 
which become more and more graphitic as the number of aromatic rings grow. 
Thus this  may be an important, or even the major, path to soot formation at 
temperatures of 61200K. 
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Kinetic Mechanism for Pyrolysis 
of Acetylene Near lOOOK 

by M. B. Colket, I11 

United Technologies Research Center, East Hartford, CT 06108 

INTRODUCTION 

Recently a mechanism for acetylene pyrolysis was proposed to describe 
experimental data obtained from a single-pulse shock tube (1) over the 
temperature range of 1100 to 2000K. The kinetic mechanism is similar to those 
proposed previously (2,3) and includes mechanisms to describe formation of 
vinylacetylene, benzene, and phenylacetylene. Subsequently, a subset of this 
mechanism was modified and used (4) to match decay profiles of acetylene as 
well as product formation for pyrolysis data obtained in a flow reactor (5) at 
temperatures of 873 to 1173K. 

It is the objective of this study: (a) to extend the mechanism (4) to 
include formation of higher molecular weight species, with a detailed 
discussion of growth from one to two rings; (b) to discuss the possible role 
of the 'odd' radical, i-C H ; (c) to discuss some uncertainties with 4 3  modeling PAH formation. 

Description of Model 

The kinetic model used in this study is listed in Table I and contains 8 9  
reactions and 43 species. CHEMKIN and LSODE were used for integration of the 
rate equations. For modeling of the flow reactor data, constant temperature 
and pressure conditions were imposed whereas, for the shock tube data, a shock 
tube code modified (1) to simulate quenching in a single-pulse shock tube was 
utilized. 

Thermodynamic parameters (except for those of vinyl radicals) are the 
same as those used and reported previously (1) for the lower molecular weight 
species. Parameters for species with molecular weights above 100 AMU were 
obtained from Stein (6) and are believed to be identical to those used in 
Frenklach, et. al. (3) Reference data for vinyl radicals and heavier species 
are reported in Table 11. Stein's thermodynamic data for vinyl radicals were 
adopted since his heat of formation (68.4 kcal/mole) is higher than that used 
by Colket (1) (65.7 kcal/mole) and is closer to some recent determinations. 
In addition, Stein's reference value for entropy is higher (by 2 eu) than that 
used by Colket. Fortunately, the differences in values are nearly offset when 
determining equilibrium constants (In K - - (AH-TAS)/RT) and changes in 
chemical kinetic modeling results are m%mal. 

The chemical kinetic model differs from that used previously (4) in that 
C2H, C4H2, C H, i-C4H3, C H 
reactions were included. 61i additlon, species and reactions related to 
formation of polycyclic aromatics were also added. Of particular note is a 
modification in the dominant bimolecular initiation step. Previously the 
react ion 

and C H and associated 4 6 
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C H + C2H2= n-C H i H 2 2  4 3  

was used with a rate constant of log (k/sec'') - 14.54 - 68000/4.58T. 
the present study the reaction 

In 

C2H2 + C2H2 t i-C 4 3  H + H 

which has a lower endothermicity was employed with a rate of log (k/sec-l) - 
14.54-60500/4.58T. This larger rate constant f o r  initiation is required to 
counterbalance termination steps omitted previously. 

Formation of Fused Rings 

This work was guided substantially by the significant contributions of 
Bittner, Howard, and Palmer (7 )  and of Frenklach, et. a1 (3). An 
important conclusion of the former work is that ring growth is dominated by 
addition of aryl radicals to triple bonds, followed by addition of acetylene 
to the resultant vinyllic (aromatic) radical, cyclization, and loss of an 
H-atom. 

i.e., 

4 + C ~ H ~  t GCH~CCH 

G C H ~ C C H  + c ~ H ~ ~  WHC(CCH)CH~ 

GCHC(CCH)CH~H t -. c H+ @@- 
Other than reverse processes, the main competitive process which can 

inhibit ring growth is the thermal decomposition of the vinyllic adducts 
(i.e., loss of H-atoms). Bittner, et. al, reached specific conclusions 
regarding the importance of the thermal decomposition of the vinyllic adduct 
relative to its addition to acetylene. However, these conclusions may have to 
be re-examined, since calculations were based on low pressure flame conditions 
rather than those of a high pressure combustor. 

Frenklach, et. al, included at least six separate reaction sequences for 
growth from a single to a fused ring. One reaction sequence, however, was 
found to dominate although a second played a minor, but contributing role. 
The second (minor) reaction sequence is comparable to that proposed by 
Bittner, et. a1 (see above) although phenyl radicals add to acetylene, rather 
than diacetylene. The dominant reaction sequence was found to be initiated by 
H-atom abstraction from the ortho position on phenylacetylene, followed by 
acetylene addition and cyclization. 

~ C C H  + C ~ H ~  t $(CCH)CH~H 

O(CCH)CHCH b @@ 

The resultant aryl radical can subsequently add to triple bonds to continue 
growth to higher order polycyclic aromatics. Due to the lack of experimental 
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rate data for reactions involving abstraction, addition, cyclization, or ring 
fracturing of polycyclic aromatics, Frenklach, et. al, selected generic rate 
constants for classes of reaction. 

Rate constants for reactions involving aromatic species as listed in 
Table I were selected using the same technique of Frenklach, et. al, i.e., 
rate constants for a class of reactions are equated. Previously (3). values 
for several of these classes were assigned since experimental data was sparse. 
In this study, we have where possible updated the reaction rate data to be 
consistent with recently available determinations. 

Predictions from the model (at 973K, 20% acetylene, and one atmosphere) 
are compared to the data from Munson and Anderson (5) in Fig. 1 for acetylene 
decay and production of benzene. In Fig. 2, predictions of production of 
styrene, naphthalene, and phenanthrene are shown. Although there is no 
experimental data from Munson and Anderson for these species, the final 
concentration of naphthalene is similar to other results (8) near 1000-1100K. 
The predicted value for styrene is about a factor of ten high. 

Initially, only the dominant and minor mechanism (as identified by 
Frenklach, et. al) were included in the reaction sequence, specifically 
Mechanisms I and 11: 

I 0C2H + R Z $C2H + RH 

$C2H + C2H2 S 0(C2H)CHCH 

@(C2H)CHCH Z A2 

and 

I1 @C2H + H @CHCH 

+ C ~ H ~  t GCHCH 
dCHCH + C2H2 t @CHCHCHCH 

0CHCHCHbH A2H +H 

where A2 represents the 1-naphthyl radical and A2H, naphthalene. 

The net contribution of the second sequence to the formation of A2H 
(or A2) dominates over that of the first by several orders of magnitude. 
For the specific conditions considered in this study, this fact can be easily 
explained. 

At the low temperature (-1000K) and the high initial concentrations of 
acetylene, forward reaction rates can be shown to dominate. Ignoring the 
contribution of Reaction C and taking the radical, R, in Reaction A to be an 
H-atom, then the relative rate is simply the rate of H-atom abstraction from 
the ring by H-atoms relative to the rate of H-atom addition to the acetylenic 
group in phenylacetylene. The value (9) of k (C H + H + C6H5 + H2) 6 6  
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at lOOOK i s  about lo1' cc/mole-sec. 
t o  acetylene,  according t o  E l l u l ,  e t .  a1 (10). ext rapola tes  t o  2 x 10 
cc/mole-sec a t  1000K. Using these r a t e  constants as estimates f o r  kA and 
k , respec t ive ly ,  Mechanism I1 i s  approximately 200 t i m e s  f a s t e r  than the 
f8rrst. 
cont r ibu t ion  of Reaction C is considered, s ince  Reaction C i s  two t o  three 
orders of magnitude f a s t e r  than Reaction B. Consequently, the  second sequence 
i s  more than four  o rde r s  of magnitude f a s t e r  than the f i r s t .  This is opposite 
t o  the t rend  observed by Frenklach, e t .  a l .  This strong discrepancy can be 
explained by a combination of ( a )  the  higher temperatures of t h e i r  study which 
enhance thermal decomposition of t he  r ad ica l  adducts;  (b)  t he  lower p a r t i a l  
pressures of ace ty lene  i n  t h e i r  study (40 t o r r  vs.  150 t o r r  i n  t h i s  study) 
which reduce t h e  rate of r ad ica l  addi t ion  t o  ace ty lene ;  and (c) t h e  use by 
Frenklach of a high, temperature independent r a t e  constant f o r  eac t ion  A 
(with R a s  H-atom). Their r a t e  constant was se l ec t ed  t f2be  10" cc/mole-sec 
whereas, K ie fe r ,  e t .  a l ' s  expression (9)  gives 1 .6  x 1 0  cc/mole-sec a t  
1600 K. 

The r a t e  constant f o r  H-atom add' ion i5 

The dominance of t he  Mechanism I1 becomes more apparent when the 

Consequently, a reana lys is  of dominant reac t ions  occurring i n  a p r a c t i c a l  
device should be  performed f o r  the spec i f i c  ambient condi t ions .  A preliminary 
ana lys i s  of t h e  k i n e t i c  model ind ica tes  t h a t  the  Mechanism I1 w i l l  dominate a t  
temperatures of 1500-1700K f o r  high pressure combustors, i n  which loca l  
acetylene concent ra t ions  may be a t  l e a s t  an order of magnitude l a r g e r  than 
considered i n  t h i s  and and previous s tud ie s .  

Also found t o  cont r ibu te  a minor bu t  s ign i f i can t  ro l e  a t  973K a r e  the 
ove ra l l  r eac t ions  

4 + C4Hq + A2H + H 

and 

@C2H + i-C4H3 -B A2C2H + H 

both of which r equ i r e  H-atom s h i f t s  p r io r  t o  cyc l iza t ion .  
could be p a r t  of a very a t t r a c t i v e  sequence (as shown i n  Fig.  4) depending on 
the  concentration of i - C  H r ad ica l s .  

The second of these  

4 3  

Role of i - C 4 H 3  

I t  is recognized t h a t  thermochemistry plays a s ign i f i can t  r o l e  i n  the 
a b i l i t y  t o  model the above processes.  Frenklach, et  a l .  (11) 
have demonstrated quan t i t a t ive ly  t h a t  unce r t a in t i e s  i n  thermochemistry 
d r a s t i c a l l y  a f f e c t  computed r e s u l t s .  
thermochemical aspec t  of acetylene pyro lys i s  i s  due t o  the  r a the r  l a rge  
d i f fe rence  between the h e a t s  of  formation of t he  two isomers of C H 
i . e . ,  HCCCHCH and HCCCCH2. The separa t ion  i n  t h i s  work was taken t o  be 10 
kcal/mole, although S t e i n  (6) and B i t tne r  (12) give 8 and 15 kcal/mole, 
respec t ive ly .  Due t o  i t s  r e l a t i v e  s t a b i l i t y ,  the  isomer with the unpaired 
e l ec t ron  on the secondary carbon atom ( i -C  H ) becomes a dominant r ad ica l  
i n  the ace ty lene  system. The s i t u a t i o n  is exacerbated i f  an isomerization 
s t ep  (I-C4H3 2 n-C H ) i s  not  included. 4 3  

An i n t e r e s t i n g  and possibly important 

4 3' 

4 3  

Depending on temperature, the  
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I 
E 

concentration of i-C H is two to three orders of magnitude higher than 
that of its isomer and a? order higher than that of the vinyl radical. 
Consequently, it is logical that i-C H plays a significant role in 4 3  termination, and quite possibly in ring formation and growth. 

4 3  

The importance of this radical to chain termination or to ring formation 
and growth is dependent critically on (a) the thermodynamics of the C H 
isomers; (b) the isomeration rate (equated in this work to a rate 
suggested (13) for the i-propylsn-propyl isomeration); and (c) rate constants 
for reactions forming and destroying i-C4H2: Reactions which dominate 
formation of i-C H 
phenyl, vinyl ant a-atoms. 
study is the isomerization to n-C4H3. 

4 3  

include H-atom abstrac Ion from vinylacetylene by 
The principal destruction mechanism in the present 

Uncertainties 

Significant uncertainties in both rate constants and mechanisms still 
exist. The initiation step in acetylene pyrolysis has been a matter of 
unresolved dscussion for nearly thirty years. 
uncertainty in the termination step(s). In this work, recombination of 
C H3 + C H , H i C2H3, i-C H 
a21 cont?i&ted to termination, yet tiere is essent?a?ly no data available on 
the absolute value of their rate constants (although some information on 
reverse reactions is available). The addition of H-atoms to acetylene is 
critically important to this mechanism, yet there is no data on this reaction 
near or above 1000K. Rate constants for reactions of similar types have been 
equated in this work; however, changes in rate constants depending on 
molecular size may be quite significant. Molecular and ionic processes have 
been ignored in the present study; however, there is as yet no proof against 
their occurrence. It is believed, however, that due to the reasonable 
agreement between the present model and experiments, contributions due to such 
reactions are perhaps small. 

There is perhaps just as much 

+ i-C4H , and H + i-C H 4 3  

Conclusions 

A chemical kinetic model, revised to include growth of aromatic rings 
predicts profiles of acetylene decay and formation of benzene, vinylacetylene, 
ethane, and hydrogen which are in agreement with experimental flow reactor 
results near 1000K. 
phenylacetylene, naphthalene and other fused rings. An analysis of the 
detailed model indicates that the dominant route for growth from a single to a 
fused ring is due to addition of phenyl radicals to two acetylenes. 
of phenyl to vinylacetylene was proposed and may play a significant role 
depending on pressure and relative concentrations. Uncertainties associated 
with the role of the i-C4H3 radical were discussed and a mechanism 
involving sequential additLon of i-C4H3 to phenylacetylene and the 
resultant products was proposed as a conceptually attractive mechanism for 
ring growth. Uncertainties related to the heat of formation and rate of 
isomerization to n-C H prevent quantitative predictions as to the 
importance of such a mechanism. 

In addition the model predicts the formation of styrene, 

Addition 

4 3  
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

TABLE I 
REACTIONS FOR ACETYLENE PYROLYSIS NEAR lOOOK 

logk = logA + nlogT - E/R/T/2.303 * 

React ions 
Forward 

Rate Constant 

logA n 
- -  
14.54 0.0 
12.92 0.0 
12.88 0.0 
13.00 0.0 
12.18 0.0 
14.48 0.0 
13.60 0.0 
11.60 0.0 
13.50 0.0 
14.00 0.0 
11.57 0.0 
14.40 0.0 
12.00 0.0 
13.00 0.0 
12.48 0.0 
13.40 0.0 
13.54 0.0 
13.48 0.0 
13.40 0.0 
15.00 0.0 
15.70 0.0 
13.00 0.0 
13.00 0.0 
12.70 0.0 
12.00 0.0 
12.85 0.0 
12.60 0.0 
13.00 0.0 
14.84 0.0 
13.90 0.0 
14.00 0.0 
13.18 0.0 
11.80 0.0 
16.16 0.0 
11.00 0.0 
10.70 0.0 
15.20 0.0 
13.60 0.0 
14.30 0.0 
12.00 0.0 
12.60 0.0 
13.00 0.0 
13.00 0.0 
12.48 0.0 

E 
- 
60.5 
2.7 
8.0 
33.0 
5.0 
50.0 
4.3 
0.0 
5.0 
14.5 
2.1 
16.0 
4.0 
10.0 
0.0 
36.1 
65.0 
13.0 
0.0 

100.0 
107.9 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
14.5 
14.5 
14.5 
10.0 
11.0 
81.8 
0.0 

20.0 
95.0 
0.0 
57.0 
49.0 
40.0 
35.0 
0.0 
0.0 

Reverse 
Rate Constant 

logA n E 
- - -  
13.49 0.0 0.2 
12.96 0.0 41.6 
14.86 0.0 44.1 
12.39 0.0 -5.4 
14.25 0.0 41.0 
11.36 0.0 0.4 
13.12 0.0 24.6 
0.00 0.0 0.0 
0.00 0.0 0.0 
13.09 0.0 19.7 
12.92 0.0 1.4 
12.39 0.0 9.5 
13.72 0.0 42.2 
13.09 0.0 9.5 
13.04 0.0 3.1 
11.11 0.0 0.0 
10.25 0.0 1.7 
13.00 0.0 9.3 
17.15 0.0 104.9 
12.91 0.0 -7.9 
13.05 0.0 -3.2 
12.99 0.0 66.0 
14.84 0.0 07.9 
14.18 0.0 69.5 
13.57 0.0 69.0 
15.00 0.0 07.2 
16.11 0.0 06.5 
13.57 0.0 65.5 
13.30 0.0 11.7 
12.42 0.0 11.0 
12.76 0.0 10.9 
13.52 0.0 9.5 
13.38 0.0 9.2 
14.01 0.0 -25.4 
14.35 0.0 47.8 
11.18 0.0 14.8 
12.72 0.0 -2.1 
12.48 0.0 27.9 
13.56 0.0 3.0 
12.86 0.0 -0.2 
13.04 0.0 1.4 
12.58 0.0 45.7 
14.47 0.0 55.2 
13.53 0.0 65.9 

* NOTES: Units for A: cc,moles,sec., Units for E: kcal/mole. 
= represents forward and reverse directions included in model. 
- represents forward direction only included in model. 

(CONTINUED NEXT PAGE) 
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TABLE I (continued) 
REACTIONS FOR ACETYLENE PYROLYSIS NEAR lOOOK 

logk = logA + nlogT - E/R/T/2.303 * 
Forward Reverse 

Rate Constant Rate Constant 

logA n E logA n E 

React ions 

45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 

14.49 
12.18 
12.70 
15.70 
12.35 
16.62 
12.85 
13.60 
13.60 
13.30 
13.30 
13.30 
13.30 
13.30 
13.48 
12.48 
13.60 
14.50 
13.00 
12.30 
12.88 
10.00 
11.60 
13.70 
14.40 
13.30 
11.60 
11.60 
12.18 
12.30 
11.00 
12.30 
12.30 
12.88 
10.00 
14.40 
14.40 
13.70 
13.70 
12.30 
14.40 
13.70 
12.30 
12.30 
14.40 

0.0 
0.0 
0.0 
0.0 
-.5 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0;o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

14.5 
0.0 
10.0 
115.0 
92.5 
107.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
23.0 
0.0 
0.0 
14.5 
45.0 
37.0 
8.0 
0.0 
0.0 
13.0 
16.0 
0.0 
0.0 
0.0 
0.0 
4.0 
0.0 
37.0 
4.0 
8.0 
0.0 
16.0 
16.0 
13.0 
13.0 
4.0 
16.0 
13.0 
4.0 
4.0 
16.0 

12.62 
12.31 
12.36 
12.93 
11.74 
15.25 
13.60 
14.78 
14.97 
14.91 
14.30 
14.53 
12.05 
12.29 
13.70 
16.57 
12.91 
13.29 
13.11 
12.71 
14.81 
13.32 
17.14 
14.02 
13.18 
12.85 
0.00 
0.00 
11.51 
13.70 
14.14 
12.71 
0.00 
14.81 
13.32 
12.88 
12.88 
13.72 
13.72 
13.70 
13.49 
14.33 
0.00 
0.00 
13.18 

0.0 
0.0 
0.0 
0.0 
-.5 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

21.9 
13.8 
20.2 
-7.8 
-11.9 
-17.9 
20.5 
15.4 
15.1 
8.1 
13.5 
10.3 
14.1 
7.0 
5.4 

108.3 
17.2 
11.7 
0.8 
0.8 
44.5 
18.5 
56.4 
10.5 
10.7 
15.2 
0.0 
0.0 
12.6 
41.8 
53.4 
0.8 
0.0 
44.5 
20.7 
10.7 
10.7 
10.5 
10.5 
41.8 
10.7 
10.5 
0.0 
0.0 
10.7 

* NOTES: Units for A: cc,moles,sec., Units for E: kcal/mole. 
= represents forward and reverse directions included in model. - represents forward direction only included in model. 
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Species 

C283 

AlC283 

AlC282 

AlC2H2S 

AlC2H 

AlCZHP 

AlC2W 

AlC4H4 

A2 

A2P 

A28 

A2C2H 

A2C282 

A2C2HX 

A2C4H4 

A2R5 

A3 

A3H 

A4H 

TABLE I1 
Selected Thermodynamics at 300K 

(from Stein(6)) 

Identification Heat of Formation 
(kcal/mole) 

vinyl 68.4 

styrene 35.3 

AlCHCH 91.2 

AlCCHZ 83.2 

phenylacetylene 75.2 

AlC2H 133.6 

Al(C2H)CHCH 146.6 

AlCHCHCHCH 104.7 

1-naphthyl 94.4 

2-naphthyl 94.4 

naphthalene 36.1 

2-naphthylacetylene 91.5 

A2CHCH 107.4 

A2C2H 149.9 

A2CHCHCIiCH 121.0 

acenaphthylene 61.7 

phenanthrenyl 108.5 

phenanthrene 50.1 

pyrene 55.2 

Entropy 
(eu) 

56.5 

82.6 

85.2 

83.8 

76.4 

79.0 

95.1 

98.0 

83.6 

83.6 

79.7 

90.9 

99.7 

92.1 

112.5 

87.2 

96.8 

94.2 

96.5 
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FIG. 1 MODEL PREDICTIONS vs. DATA OF REF. 5 
C2H2 and C6H6 Concentrations at 973K 
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A MECAANISTIC INVESTIGATION OF SOOT PRECURSORS 

S. H. Bauer(a) and P.  M. J e f f e r s ( b )  

( a )  Department of Chemistry, Baker Laboratory,  

C o r n e l 1  Un ive r s i ty ,  I t haca ,  N e w  York 14853-1301 

(b) Department of Chemistry, SUNY-Cortland, Cor t land ,  NY 13045 

IHTRODUCTION 

F u e l s  w i t h  l o w  H/C r a t i o s  a r e  p a r t i c u l a r l y  prone t o  soot  produc- 
t i o n  during combustion: aromatic spec ie s  g e n e r a l l y  (bu t  no t  un iversa l -  
l y )  do so more r e a d i l y  than a l i p h a t i c s .  It  i s  now wel l  recognized 
t h a t  "soot" is n o t  a s ingu la r  ma te r i a l .  Besides cha rac t e r i z ing  t h e  
v a r i e t y  of soo t s  wi th  r e s p e c t  t o  composition, v o l a t i l e  con ten t ,  and 
s t r u c t u r e ,  ex t ens ive  e f f o r t s  have been devoted to determining condi- 
t i o n s  which promote t h e  development of soo t  i n  flames and i n  i n t e r n a l  
combustion engines .  Many s t u d i e s  have been repor ted  on t h e  e f f e c t s  o f  
i n h i b i t o r s ;  reviews abound (1). During t h e  p a s t  decade chemical kine- 
t i c s  i n v e s t i g a t i o n s  have p r o l i f e r a t e d  with t h e  hope of unraveling t h e  
mechanisms f o r  i t s  gene ra t ion ,  u l t ima te ly  to  permit c o n t r o l  of t h e  
types  and magnitudes of  soo t  emissions.  There is genera l  agreement on  
spec ie s  types  which i n i t i a t e  condensed aromatic r i n g  growth ( 2 ) :  t h e r e  
i s  s t i l l  disagreement a s  t o  whether ions  p l ay  a major r o l e ( 3 ) :  t h e r e  
is o v e r a l l  agreement on t h e  s p a c i a l  d i s t r i b u t i o n  of PAH i n  flames, a s  
measured mass spec t romet r i ca l ly  ( 4 ) :  composition c o n s t r a i n t s  on fue l /  
ox id i ze r  ra t ios  f o r  the incep t ion  of soo t ing ,  and t h e  temperature 
range i n  flames wherein soo t  appears a r e  s u f f i c i e n t l y  well-defined 
(5). 

In t h i s  r e p o r t  o u r  o b j e c t i v e s  a r e :  A. To c a l l  a t t e n t i o n  t o  t h e  
d i f f e r e n c e s  and the conceptual s i m i l a r i t i e s  between t h e  soot ing  pro- 
c e s s  and a k i n e t i c  model f o r  nucleation/condensation. B. L i s t  t h e  
types  of p recu r so r s  requi red  f o r  soot ing ,  and t h e  underlying experi-  
mental b a s i s .  C. Present  a minimal s e t  o f  r e a c t i o n s ,  w i t h  r a t e  con- 
s t a n t s ,  which model t h e  observed t ime evo lu t ion  of  condensed molecular 
s t r u c t u r e s  (soot p r e c u r s o r s ) .  This  list m u s t  incorpora te  a r e p e t i t i v e  
growth c y c l e  f o r  continued condensation. A s  a minimum, t h e  model m u s t  
s emiquan t i t a t ive ly  reproduce observed de lay  t imes f o r  t h e  o n s e t  of 
condensation. D. P resent  q u a l i t a t i v e  s p e c t r a l  d a t a  which support  C. 

A. The c h a r a c t e r i s t i c  k i n e t i c  f e a t u r e s  of a t y p i c a l  nucleation/con- 
densa t ion  mechanism (6) are :  ( a )  An i n i t i a l  b inary  a s s o c i a t i o n  se- 
quence which reaches  s teady  s t a t e  a t  some s m a l l  number ( n )  ( 7 ) :  

( A )  
A 1  + A 1  ___I A *  [ k l  : k - l l  

- - - - - - - _ _ _ _ _ _  
An-1 + An 

N o t e  t h a t  a t  th i s  s t age  t h e  r a t e s  of association/condensation a r e  
nea r ly  balanced f o r  each s t e p :  kn - l (Al )  .I k - ( n - l ) .  No ac t iva-  
t i o n  energ ies  a r e  involved: a s s o c i a t i o n  is  d r iven  by a decrease  i n  
enthalpy: d i s s o c i a t i o n  i s  favored by an almost equal  TAS term. This  
is followed by ( b ) ,  
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wherein s teady  s t a t e  i s  achieved by u n i d i r e c t i o n a l  flow, such t h a t  
kn+l (I k n ,  wi th  i n s i g n i f i c a n t  r e v e r s i b i l i t y .  Here t h e  en tha lpy  
f a c t o r  completely dominates. The magnitude of n a t  which t h i s  
"switch-over" occurs c h a r a c t e r i z e s  t h e  c r i t i c a l  s i z e  nucleus.  

The c o n t r a s t  with soot production from C/H fragments i s  s t r i k -  
ing .  The i n i t i a l  l ag  is  due t o :  ( a l )  t h e  r a t e  of py ro lys i s  of  t h e  
f u e l ,  t o  genera te  small  r e a c t i v e  fragments, gene ra l ly  r e fe r r ed  to  a s  
"ace ty l en ic  spec ie s" ,  and ( a  ) t h e i r  p a r t i a l  recombination to  [ i n  some 
cases  --- t h e  d i r e c t  production o f ]  aromatic r ing  r a d i c a l s ;  a c t i v a t i o n  
energ ies  con t ro l  t hese  s t eps .  Hence, minimal temperatures of -1500 K 
a r e  requi red .  I t  i s  l i k e l y  t h a t  a dynamic l o c a l  equi l ibr ium s i m i l a r  
t o  t h e  s teady  s t a t e  ( a ) ,  develops between these  small  h ighly  r e a c t i v e  
r a d i c a l s .  When adequate l e v e l s  of both types  of spec ie s  a r e  a t t a i n e d ,  
s t age  (6) follows; i . e .  an e s s e n t i a l l y  u n i d i r e c t i o n a l  growth sequence, 
wherein t h e  ace ty l en ic  spec ie s  add onto t h e  aromatic r a d i c a l s ,  i n  
analogy wi th  ( b ) .  Thus, t h e r e  occurs  a "switch-over' '  m i c h  has  t h e  
appearance of  a c a t a s t r o p h i c  onse t  of soot ing .  Since a t  a l l  t i m e s  i n  
( 6 )  t h e  d r iv ing  en tha lpy  f o r  growth i s  countered by an opposing TAS 
term, a t  some h igher  temperature t h e  l a t t e r  quenches soot ing  ((I 2100 
K ) .  Th is  accounts f o r  the  bell-shaped genera t ion  p r o f i l e  [ soo t  y i e l d  
- vs temperature] repor ted  by many observers .  

B. What are the  e s s e n t i a l  p recu r so r s  which ope ra t e  i n  reg ions  ( a l )  
and (a,)? Observa t ions ,  p rev ious ly  repor ted  f o r  shock tube  p y r o l y s i s  
s t u d i e s  o f  t e n  polycycl ic  a romat ics  ( E ) ,  guided our  choice of t h e  
smallest spec ie s  which have t o  be incorpora ted  i n  a minimal mecha- 
n i s m .  For shock du ra t ions  of (700 us, over t h e  temperature range 
1500-2200 K. ace ty l ene ,  t e t ramethylpentane ,  acenaphthene o r  acenaph- 
tha l ene ,  when ind iv idua l ly  pyrolyzed, y ie lded  i n s i g n i f i c a n t  amounts o f  
soo t .  However, any a l ipha t i c / a romat i c  combination under t h e  s a m e  
shock cond i t ions  produced copious amounts of soot .  C lea r ly ,  two types  
of molecular spec ie s  a r e  requi red  f o r  t h e  onse t  of soot ing .  I t  fo l -  
lows t h a t  one should a n t i c i p a t e  longer  de lays  when a s i n g l e  type  i s  
i n i t i a l l y  p re sen t  because of t h e  time requi red  t o  genera te  t h e  o t h e r  
type .  Schemat ica l ly ,  

2 

Kf I n i t i a t i o n  ( p y r o l y s i s )  - t small  fragments 

t k r  K i l t K - i  

Aromatic r ing  r a d i c a l s  + ace ty l en ic  spec ie s  
L 4 

s o o t  precursors  

The r e l a t i v e  magnitudes of K f  and K~ a r e  determined by the  Struc- 
t u r e s  of t h e  f u e l .  

C. Two sets of r e a c t i o n s  wi th  appropr i a t e  r a t e  cons t an t s  are l i s t e d  
i n  Tables I and 11, f o r  benzene and to luene ,  r e spec t ive ly .  W e  
at tempted t o  i d e n t i f y  t h e  sma l l e s t  number of e s s e n t i a l  s t e p s ,  not to  
l i s t  a l l  r eac t ions  which p l a u s i b l y  occur concurren t ly  with soo t  i n i t i -  
a t i on .  

i 
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C6H6: For t h e  benzene py ro lys i s  our f i n a l  se t  c o n s i s t s  of 18 
r e a c t i o n s  wi th  18 H/C spec ie s  (p lus  A r ) ,  al though a t  l e a s t  twice  t h a t  
number o f  r e a c t i o n s  and spec ie s  C301 were considered during t h e  pre- 
l iminary  c a l c u l a t i o n s .  Not included in  Table I a r e  in t e rmed ia t e  rad i -  
c a l  s t a b i l i z a t i o n  s t eps .  

W e  also t r e a t e d  t h e  add i t ion  of  ace ty lene  as a s i n g l e  s t ep :  

C 6 H 5  + C 2 H 2  --f C 8 H 5  + H 2 :  k 7  = 1 O l 3 e 7  exp(-2000/RT) 

r a t h e r  than  a two r eac t ion  sequence: 

C ~ H ~  + C Z H 2 - C 8 H 6  + H: k; = 

C 8 H 6  + H - + C B H 5  + H 2 :  k'; = 2x1013 exp(-6800/RT) 

The t y p i c a l  growth cyc le  i s  i l l u s t r a t e d  by 

A t  each cyc le  one r i n g  is  added and a new r a d i c a l  is  generated which 
r e p e a t s t h e  cyc le .  A s  r ing  condensation proceeds t h e r e  a r e  p o s s i b i l i -  
t i e s  f o r  a l t e r n a t e  rou te s  t o  y i e l d  o the r  observed products ,  f o r  exam- 
p l e  R12: it was included because biphenyl i s  a commonly found product,  
al though no f u r t h e r  r eac t ions  of biphenyl occur o the r  than t h e  r eve r se  
o f  i t s  formation. T h e  o the r  s t a b l e  molecular products  incorpora ted  i n  
th i s  mechanism a r e  C 2 H 2 ,  C 4 H 2 ,  H 1 0 C 1 8 ,  and C 2 ? H 1 2 .  It i s  necessary  to  
ass ign  an upper l i m i t  t o  t h e  l a r g e s t  spec ie s  incorpora ted  i n  t h e  com- 
pu te r  code: we chose C 2 2 H 1 2  which se rves  a s  a " s ink" .  T e s t s  show t h a t  
t h e  concent ra t ion / t ime p a t t e r n s  f o r  t h e  l a s t  t h r e e  s p e c i e s ,  f o r  any 
se l ec t ed  terminus,  remains e s s e n t i a l l y  unchanged when the  l a r g e s t  
assumed u n i t  w a s  v a r i e d  [C , ,  7 C2,, + C Z 2 ] .  C lea r ly ,  t h e  two-step 
growth sequence cont inues  u n t i l  t h e  system i s  quenched. 

K ine t i c  ca l cu la t ions ,  t o  model r a t e s  of production of  s o o t  precur- 
sors by p y r o l y s i s ,  were performed with t h e  Mitchell/Kee ( 9 )  shock 
k i n e t i c s  program. A l l  r eac t ions  were considered r e v e r s i b l e ,  wi th  
t h e i r  r e v e r s e  ra te  cons tan ts  c a l c u l a t e d  wi th in  the program by r e f l e c -  
t i o n  through t h e i r  equi l ibr ium cons tan t s .  Most of t h e  unavai lab le  
thermodynamic parameters w e r e  es t imated  by Benson's group c o n t r i b u t i o n  
r ec ipe .  

F igure  1 i s  a p l o t  of t h e  computed concentration-time p r o f i l e s  
f o r  1% C6H6 i n  argon, r e f l e c t e d  shock hea ted  t o  2120 K ( i n i t i a l ) .  
shows t h e  expected genera l  f ea tu re s .  During e a r l y  t imes t h e  mole 
f r a c t i o n s  of  H ,  C 2 H 2 .  C b H 2  and H 2  r i s e ,  t h a t  of C H 6  slowly d e c l i n e s  
and near ly  s t eady  s t a t e  concent ra t ions  of C 6 H 5  an8  C 8 H 5  develop. 
h igher  molecular weight products then  slowly begin  to grow, i n  se- 
quence o f  i nc reas ing  carbon conten t .  The t i m e  dependence of  t h e  i m -  
posed  cu t -of f  a t  C provides a measure of t h e  de l ay  t i m e  f o r  t h e  on- 
se t  of avalanche sd8t growth. 
drops  s h a r p l y  as d o  a l l  t h e  heavier  spec ie s  even though a l l  r eac t ions  

It 

The 

Note t h a t  a f t e r  a gradual d e c l i n e ,  C 6 H g  
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were t r e a t e d  r eve r s ib ly .  
(des igna ted  as t h e  soo t  i n i t l a t o r ) .  Eventua l ly ,  a f t e r  t h e  lower 
carbon conten t  spec ies  had passed through maximum l e v e l s ,  C 2 H Z ,  C , ' s  
and H z  dominate. 

A measure of  t h e  s e n s i t i v i t y  of t h i s  mechanism to  t h e  r a t e  con- 
s t a n t  f o r  i n i t i a t i o n  ( R l )  was obta ined  by using a value der ived  by 
r e f l e c t i o n  of Frenklach ' s  (1) es t ima te  f o r  t h e  r eve r se  of  R 1 ,  1 x 10l3 
mole/cc-sec. whereas t h e  curves i n  F ig .  1 were ca l cu la t ed  wi th  k l  
about a f a c t o r  of t e n  l a r g e r ,  a s  suggested by M. C .  Lin (10): it i s  
very  c l o s e  t o  t h e  va lue  repor ted  by F u j i i  and Asaba (11). A f a s t e r  
i n i t i a t i o n  r a t e  r e s u l t s ,  with a much e a r l i e r  appearance of heavy pro- 
duc t s  and cons iderably  more ex tens ive  ( even tua l )  d e s t r u c t i o n  of ben- 
zene. When t h e  one s t e p  phenyl r a d i c a l  decomposition (R5) was r e -  
p laced  by t h e  sequence: 

C Z p H l 2  ( t h e  te rmina l  spec ie s )  i n c r e a s e s  

C 6 H s  - H s C 6  ( l i n e a r )  ; kk= 2 . 4 ~ 1 0  l 2  exp(-58,800/RT) 

H 5 C 6  + C 4 H 3  + C 2 H 2  : kZ= 1 . 8 ~ 1 0 ' ~  exp(-40,000/RT) 

a d rama t i ca l ly  s l o w e r  dep le t ion  of a l l  t h e  l o w  molecular spec ie s  was 
ind ica t ed .  This  m e r i t s  f u r t h e r  i n v e s t i g a t i o n ,  poss ib ly  by d i r e c t  
assay  of t h e  time dependence f o r  appearance of  C 4 H 3 .  

The proposed mechanism is  s e n s i t i v e  t o  one more f e a t u r e  --- t h e  
i n i t i a l  concen t r a t ion  of C 2 H  . I f  one s t a r t s  a c a l c u l a t i o n ,  as f o r  
Fig.  1, b u t  with added C z H 2  ?mole f r a c t i o n  of 0.005).  the product ion  
--- of  a l l  the heavy products  1s s t r o n g l y  acce le ra t ed .  This accounts f o r  
our observa t ions  t h a t  soot formation from acenaphthene or 
acenaphthalene i s  s i g n i f i c a n t l y  acce le ra t ed  when C 2 H 2  [or te t ramethyl -  
pentane,  which r e a d i l y  produces C 2 H 2 ]  was included i n  t h e  i n i t i a l  
mixture.  

Two v a r i a t i o n s  of t h e  mechanism w e r e  found to  e x e r t  a moderate 
e f f e c t s  on the  r a t e  of heavy product formation. The C z H 2  a d d i t i o n  
sequence v i a  one s t e p , r a t h e r  than  two s t e p s ,  de l ays  somewhat t h e  
a p p e a r a n c e f  t he  f i n a l  product.  
t o r  of  100 makes a t  most a 15-20% change i n  heavy spec ie s  mole f r ac -  
t i o n s  a t  5 usec,  wi th  s l i g h t l y  l a r g e r  d i f f e r e n c e s  i n  C I 2 H l 0  and C 8 H 6  
concen t r a t ions  a t  e a r l i e r  t imes.  

Reducing t h e  va lue  of k 1 2  by a fac- 

F i n a l l y ,  s eve ra l  f a c t o r s  w e r e  found t o  have s l i g h t  or n e g l i g i b l e  
e f f e c t s .  These non-c r i t i ca l  f a c t o r s  i nc lude  d e l e t i o n  of  r a d i c a l  
s t a b i l i z a t i o n  s t e p s ,  incorpora t ing  an i n i t i a l  [ a r t i f i c i a l l y ]  high H 
atom concent ra t ion ,  t h e  value f o r  k 7  [ace ty lene  add i t ion  t o  phenyl],  
and t h e  inc lus ion  of  an a l t e r n a t e  i n i t i a t i o n  process :  

H + C 6 H 6  4 C g H 7 :  k; = 4 . 5 ~ 1 0 ~ "  exp(-4300/RT) 

k'; = 6 x l o 1 '  exp(-92,000/RT) C 6 H ,  + C 4 H 5  + C G 2 ;  

Reduction of Ea from 92 t o  80 kcal/mole f o r  t h e  second s t e p  had no 
e f f e c t .  S u b s t i t u t i n g  t h e  bimolecular r eac t ion :  

C 6 H 6  + C g H 6  + C 6 H 5  + C 6 H 7  : k'i = ( 5 ~ 1 0 ' ~ - 5 ~ 1 0 ' ~ )  exp(-85,000/RT) 

f o r  R1 f a i l e d  t o  provide  s u f f i c i e n t  r a d i c a l  spec ie s  fo r  t h e  p y r o l y s i s  
sequence to  proceed. 
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CI;H5CH3: The adequacy of o u r  min imal i s t  approach t o  develop a 
mechanism f o r  t h e  p recu r so r  s t age  of soo t ing  is i l l u s t r a t e d  by t h e  
ana lys i s  o f  our shock tube  d a t a  f o r  to luene .  The i n i t i a t i o n  s t e p s  
(Table 11) d i f f e r  from those  f o r  benzene ( s t e p s  1-6, Table I )  but 
t h e r e a f t e r  t h e  growth sequences a r e  t h e  same. Here a l s o  t h e  calcu- 
l a t ed  and observed de lay  t imes a r e  i n  accep tab le  agreement. Six 
add i t iona l  spec ie s  m u s t  be included ( C p , :  C 7 H 7 :  C 3 H 3 :  CH3;  CH,, and 
C H ) .  Reactions T 1, 2 ,  4 ,  5 and 6 w e r e  taken from Mizerka and 
K?eier ( 1 2 ) .  The combined e f f e c t  of r eac t ions  T2 ,  T3, and T 8  is t o  
generate r a p i d l y  s i g n i f i c a n t  concen t r a t ions  of C 6 H 5  and C6H6.  
e f f o r t  was made to  determine which r eac t ion  pa th  is  most e f f e c t i v e .  
A t  temperatures around 1800°K and h igher  T2 is  a s i g n i f i c a n t  pathway 
f o r  t h e  i n i t i a l  breakup of to luene .  The r a t e  cons tan t  fo r  T3 was 
assumed t o  be (1/4) t h a t  f o r  T4, and both  a r e  exothermic. T7 is  a 
reasonable s ink  f o r  C H 3  Fadica ls ,  while t h e  recombination of C $ 1 3 ' s  
ET81 main ta ins  t h e  r e a c t i o n  sequence a l i v e  i n  a simple fash ion .  A l l  
t h e  i n i t i a l l y  es t imated  r a t e  cons t an t s  were used i n  t h e  c a l c u l a t i o n s  
without subsequent adjustments.  The p o s s i b i l i t y  t h a t  t h e r e  a r e  s t e p s  
i n  the  sequence T 1 4  which a r e  not e s s e n t i a l  f o r  t h e  "minimal" mecha- 
nism w a s  no t  f u l l y  t e s t e d :  it appears t h a t  T7 could be dropped. 

No 

Our conclus ion  i s  t h a t  a few a d d i t i o n a l  s t e p s  added t o  t h e  s i m -  
p l i f i e d  mechanism proposed f o r  benzene, can account i n  a q u a n t i t a t i v e  
way f o r  many f e a t u r e s  of t h e  py ro lys i s  of a romat ics ,  i n  genera l .  For 
soot product ion ,  t h e  major pathways a r e  ev ident  and inhe ren t ly  reason- 
ab le .  

D. What exper imenta l  evidence e x i s t s ,  o r  can be  developed, t o  suppor t  
t h e  above proposa ls?  Other than d i r e c t  m a s s  spec t romet r ic  de t ec t ion  
of PAH, one must look f o r  some i n  s i t u  d i agnos t i c  technique. Absorp- 
t i o n  and f luo rescence  s p e c t r a  ( g  =ind ica t ed ,  but t h e r e  a r e  obvious 
l i m i t a t i o n s .  T h e  samples c o n s i s t  of complex brews, cha rac t e r i zed  by 
superposed broad s p e c t r a l  bands. Thus, t h e r e  is l i t t l e  l ike l ihood  
t h a t  one could  i d e n t i f y  s p e c i f i c  spec ie s .  B u t ,  we a r e  concerned w i t h  
molecular types: t h e  saving f e a t u r e  is t h e  absence of  oxygen or 
n i t rogen  chromophoric s t r u c t u r e s .  The recorded spec t r a  i n  t h e  near 
uv, v i s i b l e  and down t o  the  near i n f r a r e d  must arise from condensed 
polycycl ic  a romat ics ,  e i t h e r  t h e  s t a b l e  spec ie s ,  a s  repor ted  i n  t h e  
l i t e r a t u r e  ( 1 2 )  or t h e i r  r a d i c a l s .  T o  d i s t i n g u i s h  between genera l  
t u r b i d i t y  and c h a r a c t e r i s t i c  absorp t ions ,  one should measure t h e  
temporal wavelength dependence of l i g h t  loss on passage through t h e  
r e a c t i n g  medium, and i t s  dependence on temperature.  Also,  a cond i t ion  
f o r  the adequacy of a minimal mechanism is t h a t  it c o r r e c t l y  p r e d i c t  
t h e  temperature dependence of  t h e  t i m e  de l ays  of  t h e  growth of  con- 
densed po lycyc l i c  aromatics.  

EXPERIMENTAL 

Since  a l a r g e  diameter shock tube  was not a v a i l a b l e  t o  measure 
t h e  t i m e  dependent s p e c t r a  t r anve r se  to  t h e  shock flow, we had t o  re- 
s o r t  t o  record ing  i n t e g r a t e d  absorp t ion  s p e c t r a  by passing t h e  probing 
beam a x i a l l y  along t h e  shock d i r e c t i o n .  The d a t a  were reso lved  by 
imposing an a d d i t i o n a l  i n t e g r a t i o n  s t e p  i n  t h e  ana lys i s .  A 1" I.D. 
stainless s t e e l  shock tube  (F ig .  2a) was f i t t e d  with a clear p l a s t i c  
end-wall a t  t h e  d r i v e r  s ec t ion :  a qua r t z  window and f i l t e r  terminated 
t h e  test s e c t i o n .  A He/Ne l a s e r  beam (6328 A ) ,  d i r e c t e d  along t h e  
a x i s  o f  t h e  tube ,  w a s  aimed a t  a small  ape r tu re  i n s e r t e d  between t h e  
quartz end p l a t e  and t h e  narrow band pass  f i l t e r .  The phototube o u t -  
p u t  was recorded simultaneously wi th  t h e  output  of two p res su re  t r a n s -  
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ducers  l oca t ed  1 c m  and 11 cm from t h e  downstream end. In l a t e r  
experiments t h e  l a s e r  was replaced by a X e  lamp and t h e  phototube by a 
monochromator/linear a r r ay  of  d iodes  f o r  scanning o the r  reg ions  of t h e  
spectrum (Fig .  2b) .  

The s i g n a l s  from t h e  piezo-gauges allow eva lua t ion  of t h e  shock 
speed and dwell  t i m e .  Since t h e  gas  a t  d i f f e r e n t  i n i t i a l  p o s i t i o n s  
along t h e  tube  i s  heated f o r  d i f f e r e n t  l eng ths  of  t i m e ,  t h e  ex ten t  o f  
l i g h t  absorp t ion  ( o r  s c a t t e r i n g )  m u s t  be in t eg ra t ed  along the  e n t i r e  
tube  length .  Let A n ( x ; t ' )  be t h e  ins tan taneous  concent ra t ion  of  t h e  
,th absorbing spec ie s ,  where t '  = tw - x / u r ;  tW is t h e  labora- 
t o r y  t i m e  f o r  shock r e f l e c t i o n  a t  t h e  qua r t z  window, x i s  t h e  r e t u r n  
d i s t a n c e  from t h e  window a t  t h e  l o c a t i o n  of  t h e  r e f l e c t e d  shock, and 
ur t he  r e f l e c t e d  shock speed. Then, t h e  recorded l i g h t  loss is: 

Here we assumed t h a t  n o  chemical process ing  and no absorp t ion  ( a t  the 
probing wavelength) occurs dur ing  the  inc iden t  shock. 

Ref lec ted  shock tempera tures  ranged from 1400'K t o  2200°K, and 
were c o n t r o l l e d  by varying both t h e  i n i t i a l  p re s su re  of  t h e  test gas  
and the  diaphragm th ickness .  Residence t imes  w e r e  gene ra l ly  about 700 
,,set, followed by a rap id  quench due t o  expansion. Analysis by g .c .  
o f  t h e  shock heated samples (both  gas  phase and condensable s p e c i e s )  
i nd ica t ed  t h a t  dur ing  t h e  t e s t  time t h e  products  had not achieved 
t h e i r  equi l ibr ium concent ra t ions  a t  t h e  r e f l e c t e d  shock tempera tures .  

I. The molecular spec ie s  which s t r o n g l y  absorb red l i g h t  ( H e / N e )  
appear a f t e r  an extended induct ion  per iod  which is  tempera ture  depen- 
dent .  [Typical shapes are i l l u s t r a t e d  by t h e  curves i n  Fig. 3b . l  I n  
t u r n ,  t h e s e  absorbers  a r e  removed by continued condensation. Hence 
t h e  i n i t i a l  f l a t t e n i n g  and the subsequent s l o w  growth o f  absorp t ion .  
We noted t h a t  s u b s t a n t i a l  l i g h t  loss occurred even i n  some cases  where 
l i t t l e  soot  was produced. Curves of l n ( I / I  ) vs  t (co r rec t ed  f o r  
emission) w e r e  sigmoidal and o f t e n  s a t u r a t e $  a t  I > O .  We presume t h a t  
t h e  recorded l i g h t  loss was due p r imar i ly  t o  absorp t ion  by t r a n s i e n t  
spec ie s ,  which a r e  p recu r so r s  of  soo t  p a r t i c l e s ,  and to a l e s s e r  ex- 
t e n t  by s o o t ,  which forms dur ing  t h e  l a t e r  s t a g e s  of the experiment. 
The absorbing spec ie s  a t  ~ 6 3 2 8  m u s t  be  condensed r ing  e n t i t i e s ,  such 
as t h e  para sequence of t h e  acene s e r i e s  ( 1 2 ) ,  and/or r a d i c a l s  o f  
s i m i l a r  s t r u c t u r e  (F ig .  4 ) .  -the 2% runs, t h e  concent ra t ion- t ime 
p r o f i l e s  f o r  C 2 0 H  11 [designated a s  t h e  r e p r e s e n t a t i v e  absorber  of 
a63281 w e r e  i n t eg ra t ed ,  per eq. [l]. These curves show a l l  t h e  s a l i -  
en t  f e a t u r e s  o f  t h e  recorded ( I / I o )  t r a c e s ,  i .e .  t h e  sigmoid shape 
following a de lay ,  a r e l a t i v e l y  sha rp  r i s e  and a slow approach t o  
s a t u r a t i o n .  The computed t imes se l ec t ed  f o r  minimal d e t e c t i o n  o f  
abso rp t ion  ( a t  3x no ise  l e v e l )  check q u i t e  w e l l  with the measured 
va lues  (Table 111). 

I 11. Absorption curves  over a range o f  wavelengths (400-800 nm) were 
obta ined  wi th  the  second experimental  conf igu ra t ion  ( F i g .  2b) .  Typi- 
c a l  time/wavelength s p e c t r a  a t  two extremes a r e  shown i n  Fig.  3a and 
Fig .  3b. N o  s i g n i f i c a n t  d i f f e r e n c e s  appear over a s p e c t r a l  range o f  
20 nm. However, t h e r e  are c l e a r ,  s i g n i f i c a n t  d i f f e r e n c e s  between t h e  
s p e c t r a l  scans  a t  811 and 392 nm. F i r s t ,  t h e  de l ay  t i m e s  a r e  s h o r t e r  
and t h e  r ise  times a r e  f a s t e r  f o r  t h e  same shock.speedg, i n d i c a t i n g  
more r ap id  r a t e s  . fo r  genera t ing  the smal le r  spec ie s  whlch absorbed 
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near t h e  uv, compared with t h e  much longer de l ay  t imes  f o r  t h e  appear- 
ance o f  t h e  l a r g e r  spec ie s ,  which absorb i n  t h e  near i n f r a red .  
Second, a t w o  s t e p  process  appears a t  800 nm, where t h e  i n i t i a l  r e l a -  
t i v e l y  f a s t  r ise  i s  followed by a slower continued inc rease  i n  absorp- 
t i o n ,  demonstrating subsequent growth, s i n c e  t h e  absorp t ion  edge con- 
t i n u e s  t o  move toward t h e  longer wavelength. 

Two t y p e s  o f  information a r e  presented  by these  p l o t s  ( recorded  
a t  100 nm i n t e r v a l s ,  400-800 nm): de lay  t i m e s  ( t i )  which measure 
induct ion  t imes f o r  t h e  development of absorbing spec ie s ,  and rise 
times [ ( t f - t i ) / 2 ] ,  which a r e  mean inve r se  r a t e s  of production of 
t hese  spec ie s .  For any s p e c i f i e d  shock temperature ( T 5 ) ,  a p l o t  o f  
ti E mean has  a p o s i t i v e  s lope ,  as expected f o r  a s equen t i a l  
growth of abso rbe r s  with lead ing  edges progress ing  toward t h e  red .  
For any s p e c i f i e d  A ,  ti is  longer  t h e  lower the shock speed ( T 5 ) .  

t hese  experiments,  the ha l f - t imes  f o r  a t t a i n i n g  the  f i r s t  s a t u r a t i o n  
l e v e l  do not permi t  us t o  determine whether t h e  g loba l  process i s  
f i r s t  o r  second o rde r .  However, graphs of In ku I l o 6  l n 2 / t l / 2 , @ )  
- vs l / T 5  (F ig .  5 )  c l e a r l y  show nes t ing  of  p o i n t s  f o r  t h e  sequence o f  
A ' S ,  as expec ted ,  assuming t h a t  t he  lead ing  edges of  t h e  absorp t ion  
curves measure t h e  l a r g e r  u n i t s  a t  longer  wavelengths. A t  any T 5 ,  the  
k u ' s  are c o n s i s t e n t l y  l a r g e r  when der ived  from 400 nm t r a c e s  
compared w i t h  800 run t r a c e s .  

Because of t h e  r e s t r i c t e d  range o f  f i n a l  d e n s i t i e s  covered i n  
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TABLE I 

MINIMAL MECHANISM ( C  6H 6) log  A E o ( c a l  mole-’) Ref.  

i 

1. 
2.  
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 

C ~ H ~  = c H + n 
C 2 H  + C6A6’= C 6 H s  + C 2 H 2  
C ~ H ~  + c 2 n 2  = c 4 n 3  + n 
C 6 H 5  = C 4 H 3  + C 2 H 2  c 4 n 3  = c 2 n 2  + C ~ H  
C , , H ~  + A r  = A r  + C 4 H 2  + n 
c 6 n 5  + C ~ H ~  9 c a n 5  + n 2  

c10n7  + C ~ H ~  = c 1 2 n 7  + n 2  ‘8‘5 ‘2’2 - ‘10H7  

C 1 2 H 7  + ‘2’2 = ‘lsH9 
‘ 1 h H 9  + C2H2-=CC16H9 ‘2 
‘6’5 + ‘6’6 - 

C 1 6 H 9  -k ‘2’2 = ‘ l a H 9  ‘2 

12H10 + 

c ~ ~ H ~  + c 2 n 2  = H ~ ~ c ~ ~  + n 

C 1 a H 9  + C 2 H 2  = C 2 0 H 1 1  
C 2 0 H 1 1  + C 2 H 2  = C 2 2 H 1 2  + 

H2 + A r  = H + H + A r  
c6n6 + H = c,p5 + n 2  

15.7 
13.3 
12.3 
14.8 
10.76 
16.0 
13.7 
13.0 
13.0 
13.0 
13.0 
11.0 
12.74 
13.0 
13.0 
12.74 

13.3 
(12.08)T1’2 

108000. 
0.00 

65000. 
82800. 
52500. 
45000. 
2000.0 

2000.0 

2000.0 
11000. 
10000. 
2000.0 

10000. 
92600. 

6600. 

0.00 

0.00 

0.00 

10 
2 
a 
b 
2 

2 
2 
2 
2 
2 
d 
e 
2 
2 
e 

C 

C 
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I Footnotes  for TABLE I 

Eo=A€lreaction = 67.4 kca l  mole-' ? r a the r  than  54 kca l  mole-l) .  

Combustion, The Combustion I n s t i t u t e ,  P i t t sbu rgh  (1971). p.155. 

Values o f  A a r e  those  given i n  ( 2 1 ,  bu t  with se l ec t ed  E o ' s .  

a .  J. Warnatz, Ber. Bunsenfese l l .  Ph s.  Chem. 1983, 87. 1008 but 

b. T. Asaba and N. F u j i i ,  13 th  Symposium ( I n t e r n a t i o n a l )  on 

c .  

d. A s l i g h t l y  ad jus t ed  va lue  based on --- C. T. Brooks, S. J. 
Peacock and B. G. Renber, J. Chem. SOC. Farad .  Trans.  I ,  1979, 
- 75, 652 and r e f .  ( b )  . 

e .  Based on t h e  r eac t ion :  

- 
T 1  
T 2  
T3 
T4 
T5 
T6 
T7 
T 8  

For (13) and (16)  w e  assumed a somewhat lower A va lue  and 
i n s e r t e d  E p  - 10 k c a l  mole-', because i n  these  t h e  H atom is  l o s t  
from the r i n g  r a t h e r  than from t h e  added moity ( C $ 1 2 ) .  

TABLE I1 
I n i t i a t i o n  S teps  f o r  Toluene 

MINIMAL MECHANISM ( C  6H &H 3 )  

c7na  = c,n7 + n 
H + c7na6='c,p5 + CH,, 
H + c7n8 = c 7 n 7  + n 2  
c7n,  = C ~ H ~  + ~ c ~ H ~  
c7n ,  + H = c n 3  + c4n3 + n 2  
C 2 H 6  + A r  = JCH3 + A r  
C 3 H 3  + C 3 H 3  = C 6 H 6  

C,Ha = C H + C H 3  

EO 
log A ( c a l  mole-') 

12.9 72,600 
11.6 90,000 

I+ 4109 T 2,100 
1.6+ 41og T 2,100 

14.0 84,800 
14.65 80,000 
14.6 88,400 
13.0 - 

Ref. 

9 
9 

es t imated  
9 
9 
9 

estimated 
es t imated  

TABLE I11 
Experimental Condition f o r  Representa t ive  Shocks 

p1 a1 p5x103 E x p ' t l  Calc 

2 . 0 %  to luene  110 .a93 1612 1.93 340 320 

Composition ( T o r r )  ( m / u s e c )  T 5 ( ' K )  (g / cc )  A t (  usee) A t (  usec) -- 
95 .943 1700 1.64 100 
85 .962 1725 1.82 70 
65 1.02 1812 1.37 40 50 

2.0% benzene 85 .926 1767 1.41 240 240 
95 .926 1767 1.55 380 
85 .926 1767 1.41 360 
65 .980 1910 1.51 50 60 
65 1.00 1950 1.56 50 40 

p (Torr): t o t a l  p re s su re  of f u e l  p lus  A r :  At(uSeC)iS i n t e r v a l  between 
t i e  onse t  of t h e  r e f l e c t e d  shock and t h e  t o e  of the abso rp t ion  trace. 
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Figure 4. Absorption spectra in 
the phene series 
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Figure 5a. The delay time for onset of absorption is the 
reciprocal of a mean bimolecular rate constant 
(arbitrary units) which decreases with the size 
of the absorbing units. The largest absorbers 
(at 800 nn) require a larger activation energy. 

Figure 5b. The mean half-times for generating the larger 
absorbers increases with increasing size. The 
800 nm absorbers require a larger activation 
energy (%30 kcalfmole) compared to those which 
absorb at 400nm (%24 kcallmole). 
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CCMBUSTION TUBE SOOT FROM A DIESEL FUEL/AIR MIXTURE 

L. B. Ebert and J. C. Scanlon 

Exxon Research and Engineering; Annandale, NJ 08801 

C. A. Clausen 

University of Central Florida; Orlando, FL 32816 

INTRODUCTION 

Used by the Chinese to make inks many years before 
Christ (l), soot was an environmental nuisance by the time 
of the industrial revolution ( 2 ) .  Today, soot can be both 
useful (the carbon black industry) and detrimental (diesel 
exhaust), so that investigations of soot can impact 
wide-ranging areas. Curiously, although there is intuitive 
understanding about the commonality of soots from a variety 
of sources, including furnace flames, piston engines, com- 
bustion chambers, or premixed flames (2), there is no 
general agreement about the detailed molecular structure of 
soot. Recently, Zhang, O'Brien, Heath, Liu, Curl, Kroto, and 
Smalley (ZOHLCKS) proposed to interrelate soot with carbon 
clusters of icosahedral symmetry (3). They suggested that 
"the polycyclic aromatic molecules known to be present in 
high concentrations in sooting flames may therefore adopt 
pentagonal rings as they grow, so as to generate spheroidal 
structures which maximize the number of C-C linkages," ulti- 
mately yielding a soot nucleus consisting of "concentric, 
but slightly imperfect spheres" ( 3 ) .  Thus, ZOHLCKS proposed 
that the spherical morphology of soot particles arose from 
soot "molecules" of nearly spherical symmetry. 

In this paper, we discuss the structural and chemical 
characterization of soot formed in a combustion tube, in 
part to address the ZOHLCKS proposal, in part to develop 
information to compare soot to a variety of other carbona- 
ceous materials. 

EXPERIMENTAL DETAILS 

Samples of soot were generated at the University of 
Central Florida by the combination of no. 2 diesel fuel 
(C-13 NMR aromaticity 19%) with air in a combustion tube of 
inner diameter 9 .8  cm. Sample 1 was generated by injecting 
the air and fuel (at a mass ratio of 5:l) preheated to 75OC 
into the combustion tube heated to 115OOC. For sample 2, 
the combination of air preheated to 6OO0C with diesel fuel 
preheated to 35OoC in an unheated combustion tube led to 
spontaneous ignition. The combustion process was allowed to 
proceed under basically adiabatic conditions; the flame tem- 
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perature reached a maximum of - 900' C. Further information 
on the diesel fuel is available (4). 

X-ray diffraction was performed on a Siemens D-500 
using copper radiation. Debye internal interference calcu- 
lations were done as previously reported (5-7). 

Elemental analysis of sample 2 was done by Galbraith. 
Duplicate runs made on carbon and hydrogen yielded average 
values of %C = 90.08 (89.94, 90.21) and %H = 1.76 (1.82, 
1.69) for an average H/C atomic ratio of 0.23. The sample 
had 0.22%N (N/C= 0.002) and 4.64%0 (O/C=O.O4). Ash by ther- 
mogravimetric analysis was 0.19%. 

Sample 2 was reacted with potassium naphthalene (-1) in 
tetrahydrofuran (THF) at room temperature. A solution of 30 
minute old naphthalene radical ion (0.380 9, 2.97 m o l  
naphthalene in 25.810 g THF; with 2.498 g, 63.9 mmol KO) was 
added to 0.675 g sample 2. After 2 hours 15 minutes, there 
was a consumption of 0.404 g, 10.3 m o l  K O ,  determined by 
weighing the solid KO; that the total K O  uptake of 10.3 mmol 
exceeded the amount of naphthalene (2.97 m o l )  suggested 
that the deposit was reacting. After 23 hours 15 minutes, 
there was a consumption of 0.536 9, 13.7 m o l  KO and the 
solution was quenched at O'C with the addition of solution 
of 2.836 g CD,I in 1.845 g THF. The solution was allowed to 
stand at room temperature under inert gas for 24 hours, and 
then was filtered through a medium porosity frit. Following 
drying, the entrained solids weighed 2.589 g; following 
rotary evaporation, the material which passed the filter 
weighed approximately 0.29 g. A Bruker MSL was used for D-2 
in the solid state (55.283 MHz). 

RESULTS AND DISCUSSION. X-RAY DIFFRACTION. 

Figure 1 gives the diffraction pattern of sample 2 over 
the range 15 - 105' 20 (Cu). There are four readily 
observed diffraction peaks, which fall into the range nor- 
mally associated with the (002), ( l o o ) ,  (004), and (110) 
peaks of graphite or other benzenoid arrays. There are no 
(hkl) peaks having non-zero hk and non-zero 1 (e.g., (101)), 
suggesting that the material is turbostratic, meaning that 
there is no well-defined registry between adjacent planes 
(as found in the ABAB stacking sequence of graphite). The 
most intense peak, the (002), ar.ises from interference 
between approximately parallel aromatic entities, and thus 
gives information about aromatic stacking. Figure 2 shows 
that sample 1 and sample 2 have (002) peaks of different 
widths. Sample 1 has d(002) at 3.63 A of width 0.122 radi- 
ans, corresponding to a crystallite size in the direction of 
aromatic stacking of 12 A; sample 2 has d ( 0 0 2 )  at 3.60 A of 
width 0.070 radians, corresponding to a crystallite size of 
20 A. (Scherrer constant = 0.9 ) .  
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The (100) and (110) diffraction peaks give information 
about the size of the benzenoid array. A s  given in Figure 
3, the linewidths of these peaks suggest sizes of 22 to 28 
A ,  if one uses a Scherrer constant of 1.84. However, as 
pointed out by Warren and Bodenstein in a study of carbon 
blacks (8) and by Ergun (9) , the use of the 1.84 constant 
can give unreliable results for in-plane crystallite sizes < 
50 A .  For crystallite sizes near 20 A (a), the Scherrer 
constant is about 1.4 for the (100) and about 1.6 for the 
(1101, which then give us crystallite sizes of 21 A (100) 
and 19 A (110). 

Knowledge of the lattice constants can allow us to pre- 
dict microscopic density. For graphite, which has a, = 2.45 
A ( =  C - C bond distance of 1.415 A X r/3) and c, = 6.74 A,  
one obtains a unit cell volume of (a')c X 0.866 = 35.0 A ' .  
This unit cell has four carbon atoms, so we have 8.76 A 3 / C  
atom. This yields a predicted density of 2.28 gram/cm3. If 
we consider the effect of the different c, of the soot on 
density (e.g., (002) at 3.60 A instead of 3.37 A ) ,  we calcu- 
late a unit volume of 9.36 A 3 / C  atom and a density of 2.13 
gram/cm3. The changes associated with a, are smaller, and 
in the other direction. Intuitively, and on the basis of 
the (100) peak, we would expect a limiting sp'-spa bond dis- 
tance of 1.39 A ,  and correlative a, of 2.41 A .  If we 
consider the effect of both the increased c, and the possi- 
ble decreased a, on density, we find a volume of 9.05 A 1 / C  
and a density of 2.21 gram/cm3. The key point from these 
calculations is that the increase in c, found in the soot 
can change the predicted density only about 7%; this change 
is not enough to account for the observed densities of 1.8 
to 2.0 gram/cm3 typically found in soots (M. Frenklach, per- 
sonal communication). 

Having appreciable amounts of hydrogen, the soot is 
better viewed as a "large" polynuclear aromatic rather than 
as a "small" graphite. Because hydrogen-hydrogen and 
carbon-hydrogen interactions are key structural determinants 
for aromatic hydrocarbons, the densities are much lower for 
the aromatics than for graphite: naphthalene (1.145), 
anthracene (1.25) , phenanthrene (1.182) , biphenylene (1.24) , 
pyrene (1.27) , picene (1.324), perylene (1.3411, and coro- 
nene (1.38). Relating observed density to wgt% carbon for 
the above aromatics, we obtain 

density = 0.10814 (%C) - 8.988 R = .9546 

If one extrapolated to graphite, using the densities of 
these hydrocarbons as a guide, one obtains a density of only 
1.826. 

What do we expect for a soot of spherical carbon clus- 
ters? One must consider effects due to intramolecular scat- 
tering (analogous to the (100) and (110) peaks in benzenoid 
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arrays) and due to intermolecular scattering (analogous to 
the ( 0 0 2 )  and (004) peaks in graphite. 

For intramolecular interference, we have simululated 
the scattering from one truncated icosahedron of bond length 
1.54 A using the formalism of Debye internal interference, 
and the results are given in Figure 4. In the figure, the x 
axis is linear in k, with k = 2n/d = 4rsinWX (8 = Bragg 
angle, X = wavelength of x-radiation), and one sees two 
peaks in the range k = 0.8 to 2.8, neither of which are 
observed in our soot. As one changes the bond length of the 
icosahedron, one will change the peak maxima in a predict- 
able way, with the coefficient relating bond length to d 
value given by the Miller index of the peak (5,6). For 
instance, for the (002) peak in a stack of seven parallel 
coronene molecules, changing the interplanar spacing from 
3.20 A to 3.95 A changes the observed d value from 3.16 A to 
3.87 A (5, 6). 

For intermolecular interference between spheroids, let 
us assume that we can place all carbon atoms on the surface 
of one spheroid at a distance of ca. 3.6 A from carbon atoms 
of some other spheroid. In this way, we can get a " ( 0 0 2 ) "  
peak at 3.6 A, as observed in the soot, but one notes that 
the linewidth of such a peak will correspond only to a 
"stack" of two aromatics (crystallite size ca. 7.2 A). If 
one goes to the concentric shell model (Figure 4 of ref. 3), 
one can obtain a larger apparent stack height; to account 
for the data on sample 2, one would need 5 to 6 shells (20 
A/3.6 A) to obtain the observed (002) linewidth. Such an 
entity would have a large fraction of non-protonated (qua- 
ternary) aromatic carbon atoms, just as graphite does, and, 
from a chemical point of view, would be more like graphite 
than aromatic hydrocarbons. To address this more fully, we 
performed chemical experiments on sample 2. 

BACKGROUND. CHEMICAL REDUCTION. 

The use of potassium naphthalene (-1) in THF to reduce 
fossil fuel materials has been reviewed by Stock (10) and by 
Ebert (11). If one wants to distinguish graphite-like chem- 
istry from polynuclear aromatic hydrocarbon chemistry, 
reduction by naphthalene (-1) followed by alkylation by 
alkyl iodide is useful because different products are 
obtained. Graphite is reduced by naphthalene (-1) and 
correlatively intercalated by K' and THF; the potassium 
intercalate is not alkylated by alkyl iodides. Aromatic 
hydrocarbons of reduction potential less negative than the 
-2.5 V (vs. SCE) of naphthalene (-1) will be reduced to 
anions, which can then (usually) be alkylated by alkyl iod- 
ides to give products in which the alkyl group is attached 
to an sp'-hybridized carbon of the reduced aromatic. 

With respect to the reduction, there has been a belief 
in the literature that aromatic hydrocarbons can form numer- 

443 



ous highly charged poly-anions driven by the presence of 
excess alkali metal. Examples include the dianion of 
naphthalene (10) and tetraanions of pyrene and perylene. 
Noting that the difference in reduction potential between 
the radical anion and dianion of anthracene is 0.48 V (121, 
one would expect the dianion of naphthalene to have a 
reduction potential of at least -2.98 V (vs. SCE), near that 
of KO itself: we.are unaware of anv work in which a second 

fact 
seen 

reduction peak. has been measured for- naphthalene and- in 
with pyrene third and fourth reduction peaks are not 
I 7  ? \  
\ I J I .  

Relevant to the shell proposal for soot of ZOHLCKS 
Stock proposed that the reductive alkylation of coal 
gested a model "in which molecular fragments of coa 
peeled away from the solid as layers from an onion" 
To address this, we performed reductive methylation 

(3) , 
sug- 
are 

10). 
with 

CD,I) of Burning Sta; coal to determine if methyl groups 
added preferentially to the "soluble" phase (14). The coal 
consumed 10.4 mmol K/g, and, following alkylation, 52% of 
the product carbon was in the "THF-soluble" phase and 48% in 
the "THF-insoluble" phase. Solid state 'D NMR showed CD, 
groups in both phases, with the THF-soluble phase having 
only 87% of the deuterium of the insoluble phase, on a per 
carbon atom basis! The spectrum of the insolubles showed 
only a first order quadrupole split spectrum (separation = 
51.7 G I  indicative of three-fold rotation of bound -CD, 
groups) but the solubles showed a strong (averaged) central 
peak and a quadrupolar split line. Significantly, these 
results for coal, which are those expected for alkylation of 
aromatics and heterocyclics, are similar to what we report 
here for soot. 

RESULTS AND DISCUSSION. 'REDUCTIVE ALKYLATION. 

At 23 hours 15 minutes, the soot took up 15.9 mmol 
K/gram, correcting for consumption of potassium by naphthal- 
ene(-1). Figures 5 and 6 give the 'D NMR of the solid solu- 
bles and insolubles, and we see that the soot has behaved 
like a polynuclear aromatic in being alkylated by CD,I. 
Figure 7 gives the 'D NMR of the solubles in methylene chlo- 
ride, showing CD, groups bound primarily to sp3 carbon, as 
expected for the reductive alkylation of polynuclear aromat- 
ics (15); some methylation of oxygen does occur. 

One might be concerned with contamination of the 
THF-soluble sample by vast amounts of 1,4 dimethyl 1,4 dihy- 
dro naphthalene. Actually, naphthalene (-1) reduces methyl 
iodide to methyl radicals, in contrast to anions of larger 
aromatics which do in fact undergo alkylation (15, 16). 
Analysis of the THF-solubles by GC/MS, with quantification 
by flame ionization detection, shows the ratio of naphthal- 
ene to the most abundant dimethyl dihydro naphthalene to be 
19.7/1; this is consistent with solution phase 13C NMR which 
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shows three sharp aromatic peaks at 125.7, 127.7, and 133.3 
6, the shift positions of naphthalene itself. The underly- 
ing aromatic envelope goes from 120 to 146 6, and there are 
aliphatic peaks at 14.2, 22.8, 25.9, 29.4, 29.7, 30.09, 
30.34, 31.98, 34.26, and 37.46 6. Aliphatic carbon bound to 
oxygen is suggested by a peak at 68 6. 

In conclusion, we see that the soot anion, in being 
alkylated by CD,I, behaves as anions of larger polynuclear 
aromatics, such as perylene and decacyclene (16) and not 
like the anion of graphite with K'. Naphthalene, with 
excess KO, behaves as naphthalene (-1). 
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SINGLE PULSE SHOCK TUBE STUDIES ON 
THE STABILITY OF 1-PHENYLBUTENE-2 
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Chemical K i n e t i c s  Div is ion  
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Gai thersburg,  Maryland 20899 

ABSTRACT 

1-Phenylbutene-2(1-PHB-2) has  been decomposed i n  s i n g l e  pulse  shock tube 
experiments. Acetylene formation is used a s  a measure of t h e  rate of c leavage  of 
t h e  benzyl-vinyl C-C bond. The r a t e  expression f o r  t h i s  r e a c t i o n  has  been found 
t o  be 

k(l-PHB-2 -> benzyl + propenyl)= 2.4 x 1016 Exp(-43780/T) /s. 

The A-factor f o r  t h i s  process  is unexpectedly l a r g e .  It may be i n d i c a t i v e  of  a 
l a r g e r  than u s u a l  combination r a t e  cons tan t  f o r  v inyl  radicals. P o s s i b l e  s o u r c e s  
of experimental  e r r o r s  a r e  considered.  Our r e s u l t s  a r e  c o n s i s t e n t  with a bond 
d i s s o c i a t i o n  energy f o r  t h e  primary v inyl  C-H bond i n  propylene of 4 7 k l O  kJ/mol. 

INTRODUCTION 

This  paper  is concerned with t h e  s t r e n g t h  of t h e  primary v i n y l  C-H bond i n  
propylene. The p r e s e n t  r e s u l t s  should provide a d d i t i o n a l  information on t h e  
energy of t h e  v i n y l  C-H bond i n  e thylene.  Within t h e  p a s t  year  t h e r e  have been 
values  ranging from 435 t o  495 kJ/molls2. Any e f f e c t  from methyl s u b s t i t u t i o n  
w i l l  be  f a r  s m a l l e r  than  t h e  spread of such numbers. The importance of t h e  
t h i s  q u a n t i t y  is due t o  t h e  evidence3 t h a t  v i n y l  r a d i c a l s  a r e  key r e a c t i v e  
in te rmedia tes  f o r  soot  formation. Unfortunately,  t h e r e  i s  a t  p r e s e n t  almost no 
r a t e  d a t a  on v i n y l  r a d i c a l  r e a c t i o n s  and t h e  u n c e r t a i n t y  with regard t o  i ts  
h e a t  of formation prevents  even t h e  most rudimentary e f f o r t s  a t  es t imat ion .  

The experiments a r e  c a r r i e d  o u t  i n  a heated s i n g l e  pulse  shock tub&. Our 
t a r g e t  molecule is 1-phenyl butene-2 (1-PHB-2). The choice  of t h i s  molecule is  
d i c t a t e d  by t h e  weakening of t h e  v i n y l  C-C bond by benzyl resonance and t h e  
decreased s t a b i l i t y  o f  t h e  propenyl r a d i c a l  compared t o  t h a t  of  t h e  v i n y l  
r a d i c a l  i t s e l f  (had we chosen t o  work with a l ly lbenzene) .  The former lowers 
t h e  r a t e  c o n s t a n t  t o  a range which i s  more convenient  f o r  our purposes. 
Nevertheless ,  t h e  rate c o n s t a n t s  are still  very much smaller than  those  f o r  
a lkane  and a lkene  decomposition t h a t  we have h i t h e r t o  s tud ied .  This  c r e a t e s  
c e r t a i n  problems. The e x i s t e n c e  of a unique r e a c t i o n  product ,  ace ty lene ,  from 
t h e  decomposition of t h e  propenyl r a d i c a l ,  should reduce complicat ions.  

The key f a c t o r s  i n  obta in ing  high accuracy r e s u l t s  from s i n g l e  pulse  shock 
tube work a r e  t h e  g r e a t  s i m p l i f i c a t i o n s  i n  t h e  r e a c t i o n  mechanism and t h e  use 
of an i n t e r n a l  s tandard  r e a c t i o n  t o  c a l i b r a t e  f o r  t h e  condi t ions  i n  t h e  
experiments. The g e n e r a l  methodology has  been s u c c e s s f u l l y  used t o  give 
a complete p i c t u r e  of t h e  decomposition of many organic  compounds5. 

"Guest S c i e n t i s t s :  Permanent Address, I n s t i t u t e  of Mechanics, Academia S i n i c a ,  
Bei j ing ,  China 
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There have been no previous studies on 1-PHB-2 decomposition. In Figure I(1). 
we outline a number of possible competitive unimolecular decomposition 
processes. From published bond energies one expect that they will be close to 
that for the vinyl-benzyl bond6. Unfortunately, these decomposition channels 
do not lead to unique products and it will not be possible to obtain accurate 
information on the rate constants for these reactions. This also makes it 
important to work at extents of conversion. 

EXPERIMENTAL 

The experiments are carried out in a heated single pulse shock tube maintained 
at 110 OC. All of the gas sampling system are maintained at temperatures close 
to or above this value. It is thus possible to work with very low volatility 
substances. Analysis of the products was by gas chromatography using a 30 
meter polydimethylsiloxane capillary column for all substances with carbon 
numbers 5 or higher. For the light hydrocarbons we use a dinonylphthalate 
coated silica column. This column eluted acetylene between propylene and 
isobutene. Unfortunately, the retention time of allene also fell in this 
position. From separate experiments we determined that our yields of allene 
was uniformly of the order of 4% of the acetylene yield. The 1-PHB-2 from K & 
K7. Gas chromatographic analysis indicated that it is mostly the trans 
compound with about 3 % cis. There are also a number of other impurities. 
These included n-butylbenzene and s-butyl benzene. In these molecules, the 
normal C-C bonds are weakened by benzyl resonance. Since these are much more 
labile than vinyl C-C bonds, we observe under all conditions large quantities 
of their dissociation products. However under our conditions it is not 
possible to form acetylene from these starting materials. 

In Figure I we enumerate the most likely decomposition modes of 1-PHE-2. Note 
that for methyl or larger alkyl radicals addition will be reversed, while the 
abstraction products will be the same as that for hydrogen atoms. The key 
conclusion from an examination of these possibilities is that under conditions 
of small extent of decomposition of the parent compound there is no channel 
that can lead to acetylene formation except through the sequence of reaction 
initiated by the cleavage of the propenyl-benzyl bond, followed by beta 
elimination of the methyl group. 

Our concern with these factors arises from the high stability of the 1- 
phenylbutene-2 which prevents us from carrying out our experiments under 
conditions of enormous excesses of scavenger (100 to 1000 to 1). Indeed, a 
scavenger such as toluene will have rates of decomposition less than an order 
of magnitude slower. With a 100 to 1 ratio the scavenger will be producing 
more radicals than our test compound and will then have the capability of 
inducing decomposition. With this in mind, our highest scavenger 1,2.4 
trimethylbenzene (1,2,4-TMB) to 1-PHB-2 ratio was 8 to 1. This appeared to be 
sufficient since our results with a 2 to 1 ratio are within experimental error 
the same as that at 8 to 1. The composition of the mixtures used and the range 
of conditions are summarized in Figure 11. 

The internal standard used in these studies is the reverse Diels Alder 
decomposition of 1-methylcyclohexene ( 1-MCH) . We have previously established8 
its rate expression for decomposition into Z-methyl-butadiene-l,3(isoprene) 
and ethylene as 

449 



k( l-MCH->isoprene+C2Hq) = 1015 Exp(-33500/T)/s 

This standard is used because isoprene is not a reaction product in 
1-PHB-2 decomposition and it elutes from our capillary column in a region 
where there are no interfering peaks. 

RESULTS 

The distribution of products from the shock induced decomposition of 1- 
phenylbutene-2 in the presence and absence of the scavenger 1,2,4-TMB can be 
found in Table I. The important points to be noted are the changes in relative 
concentrations. We assume that acetylene is essentially a primary product and 
its concentration will not be effected by the absence and presence of the 
scavenger. Our results are in accord with the expectation that some of the 
reactive radicals will be removed by the 1,2,4-TMB. However, although there is 
a decrease in the yields of the lighter products (for example, propylene, 
butadiene) relative to that of acetylene as the amount of the inhibitor, 
1,2,4-TMB is increased, we cannot be certain that we have been able to stop 
completely the radical induced decomposition. This is not unreasonable, since 
as noted earlier the thermal stability characteristics of 1-PHB-2 is not that 
much different than the inhibitor. Thus there approaches a point where our 
inhibitor will in fact be contributing to the pool of active radicals. It is 
interesting to note that the material balance with regard to 1-MCH 
decomposition improves with scavenger addition. Paralleling this is the 
decrease in the quantity of 1-PHB-2 destroyed when the scavenger is added. 
Clearly in the absence of the scavenger there are radical catalyzed 
decomposition channels. 

For our purposes we concentrate on the acetylene from 1-PHB-2 decomposition 
and isoprene from 1-MCH decomposition. Figure I1 contains the comparative rate 
plots for the formation of acetylene from 1-PHB-2 decomposition and isoprene 
from 1-MCH decomposition. The rate constants are derived from the relation 

Log(k(acetylene))=Log( (acetylene)f/( l-PHB-Z)i)/t 
Log(k( isoprene))=Log( 1-(X*( isoprene)f/( l-MCH)i)/Xt 

where X=l+( ((MCH)i-(MCH)f-(isoprene)f)/(isoprene)f) and takes into account the 
possibility that some of the 1-MCH ((MCH)i-(MCH)f-(isoprene)f) will be 
decomposed through radical attack. We have no means of determining how much 
isoprene is destroyed. Thus it is essential in the 1-MCH decomposition to 
obtain the best possible mass balance. This is attained when the scavenger is 
added. As will be seen below, in the absence of scavenger comparative rate 
results are different than in its presence. The relation for acetylene 
appearance assumes negligible 1-PHB-2 disappearance. From the data in Table I 
it can be seen that this is attained in the studies with the scavenger. We 
assume that the conversion of the trans to the cis form will not effect our 
results. An interesting aspect of the data in Table I is that we can extract 
rate constants for the trans -> cis isomerization of 1-PHB-2 as well and the 
decomposition of nbutyl- and sbutyl-benzene. In all three cases they fall in 
the expected range. 

The comparative rate expressions relating the rate constant for acetylene andd 
isoprene formation in 1-PHB-2 and 1-MCH decomposition are as follows; 
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Log(k(acety1ene)) = 1.308+,014Log(k(isoprene))-3.03~.034 
(1% 1-PHB-2 and 200 ppm 1-MCH) 

Log(k(acety1ene)) = 1.312+.015Log(k(isoprene))-3.256+,036 
(1% 1.2.4 TMB; .5% l-PHBr2 and lOOppm 1-MCH) 

Log( k(acety1ene)) = 1.304+,034Log(k( isoprene) )-3.198+,087 
(2% 1,2,4 TMB; .25% 1-PHB-2 and 50 ppm 1-MCH) 

Substituting into these relations the rate expression for the reverse Diels- 
Alder decomposition of 1-MCH given above, we obtain the following rate 
expression for acetylene formation in 1-PHB-2 decomposition k(acety1ene) = 3.8 
x 1016 Exp(-43800/T) /s 
k(acety1ene) = 2.3 x 1016 Exp(-43670/T) /s respectively. 

It will be 
the first rate expression is about 30 % larger. This is due to the 
contribution from the radical induced decomposition of 1-MCH and isoprene and 
is of the magnitude expected on the basis of our mass balance considerations. 
The agreement in the other two cases suggest that enough inhibitor has now 
been added so that the radical induced decomposition no longer poses a serious 
problem. The similarity in the activation is also interesting. It suggests 
that the contribution from the induced decomposition has very similar 
temperature dependence as the direct unimolecular decomposition. Our best rate 
expression for the breaking of the vinyl-benzyl bond is thus the average of 
our results in studies carried out in the presence of 1,2,4 TMB or 

k(1-PHB-2 -> benzyl + propenyl) = 2.4 x 1016 Exp(-43780/T) /s 

DISCUSSION 

We will now use our rate expression for the breaking of the benzyl-vinyl bond 
to derive the bond energy of the primary C-H bond in propylene. From the usual 
assumption regarding the absence of temperature dependence for the reverse 
combination reaction, the relations are 

k(acety1ene) = 2.6 x 1016 Exp(-43900/T) /s and 

noted that the last two expressions are virtually identical, while 

- /\ H (reaction)= E(activation Energy) + RT 
or &H = 409.6 kJ/mol at 1150K. Since 

- /\ H (reaction) = Hf(benzy1) + Hf(propeny1) - Hf(1-PHB-2) at 1150K. 

substituting the heat of formation of benzyl and 1-PHB-2 lead to 
Hf(propenyl)=269.5 kJ/mol. at 1150K. We have calculated the thermodynamic 
quantities of benzyl using the prescription of Benson and O'Nea19 and a value 
of 205 kJ/mol for'the heat of formation at 300K. This is 6 kJ/mol higher than 
the number recommended by McMillen and Golden6 
obtained some years ago on the basis of isobutil benzene decompositionlo. This 
leads to a heat of formation of 180.7 kJ/mol at 1150K. The heat of formation 
of 1-PHB-2 at 1150K is taken to be 80.3 kJ/mol and is based on the heat of 
formation of but lbenzene and an average value of 133 kJ/mol for the heat of 
dehydrogenationlp. Assuming that the heat capacity of propenyl is an average 
of that of propene and propyne leads to 

but is a value that we 
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BDE(propene->propenyl+H) = 484 8 kJ/mol 

There have been no previous measurement of t h i s  bond d i s s o c i a t i o n  energy. 
However, it should not  be t o o  f a r  of f  from t h e  v a l u e  f o r  e thylene .  Our number 
is e x t r a o r d i n a r i l y  high and had it not  been f o r  t h e  recent  va lue  of Shiromaru 
and coworkers would be t h e  h ighes t  ever  repor ted  f o r  such a bond. Most k i n e t i c  
r e s u l t s  appear  t o  f a v o r  very low values .  

The A-factor f o r  a c e t y l e n e  formation,  2.4 x 1016 /s, is l a r g e  i n  comparison t o  
t h a t  f o r  processes  t h a t  involve  t h e  breaking of a benzyl-alkyl bond. I n  t h e s e  
cases  A-factors are more i n  t h e  range of one-half t o  one order  of magnitude 
smaller. Cur high number is r e f l e c t e d  i n  t h e  r a t e  c o n s t a n t  of t h e  reverse  
recombination r e a c t i o n .  It is of i n t e r e s t  t o  c a l c u l a t e  t h e  combination r a t e  
cons tan t  f o r  benzyl  a t t a c k  on propenyl using our  A-factor. From t h e  est imated 
e n t r o p i e s  w e  f i n d  t h a t  A S = 148 J/mol-K. S u b s t i t u t i o n  i n t o  t h e  r e l a t i o n ,  

Af/Ab= e x p ( - a  S/R)/eRT 

l e a d s  t o  Ab =kb=ll  x 1O1O l/mol-s, with an u n c e r t a i n t y  of a f a c t o r  of  3. T h i s  
is  a l a r g e  rate c o n s t a n t .  It is  much l a r g e r  than t h e  va lues  f o r  comparable 
processes  involv ing  a l k y l  r a d i c a l s .  Thus an i n t e r e s t i n g  consequence of t h i s  
s tudy is t h a t  h i g h e r  v i n y l  C-H bond e n e r g i e s  not  on ly  l e a d  t o  longer  l i f e t i m e s  
f o r  t h e  decomposition of  v i n y l  type  r a d i c a l s  bu t  p r e d i c t s  h igher  combination 
r a t e s  w i t h  o t h e r  r a d i c a l s .  

I n  view of  t h e  unexpectedly l a r g e r  recombination r a t e s ,  it is important  t o  
cons ider  p o s s i b l e  s o u r c e s  of u n c e r t a i n t i e s  i n  our measurements. The ch ief  
source of e r r o r  is probably i n  t h e  d e f i n i t i o n  of t h e  r e a c t i o n  mechanism. We 
have assumed t h a t  a l l  t h e  a c e t y l e n e  must be formed from t h e  cleavage of t h e  
benzyl-vinyl C-C bond and t h a t  t h i s  w i l l  be followed by b e t a  C-C bond 
cleavage. While w e  b e l i e v e  t h a t  t h e s e  embody t h e  main r e a c t i o n s ,  t h e  f a c t  
t h a t  w e  a r e  making a s l o p e  measurement means t h a t  smal l  e r r o r s  may lead  t o  
s u b s t a n t i a l  e r r o r s .  Probably t h e  most s e r i o u s  is t h e  assumption of be ta  C-C 
bond cleavage i n  propenyl  decomposition and ignor ing  t h e  p o s s i b i l i t y  of a 1-3 
bond s h i f t  l ead ing  t o  a n  a l l y l  r a d i c a l  which w i l l  be f a i r l y  s t a b l e  under our  
condi t ions .  T h i s  assumption is based on t h e  behavior  of a l k y l  r a d i c a l s .  I n  t h e  
present  c a s e  t h e r e  may be  some enhancement due t o  t h e  much l a r g e r  r e a c t i o n  
exothermici ty  f o r  t h e  1-3 s h i f t  ( i n  excess  of 60 kJ/mol). However, s i n c e  we 
a r e  dea l ing  w i t h  a doubly bonded s t r u c t u r e  t h e r e  w i l l  be  an e x t r a  degree of 
s t r a i n  i n  t h e  t r a n s i t i o n  state. Furthermore, i n  t h e  decomposition of o- 
iodotoluene where we make t h e  o-methylphenyl r a d i c a l ,  which is s t r u c t u r a l l y  
very similar t o  propenyl ,  t h e r e  does n o t  appear  t o  be any evidence f o r  such a 
s h i f t .  It should b e  noted t h a t  i f  such an e f f e c t  is  t o  make a c o n t r i b u t i o n  it 
w i l l  bias t h e  r e s u l t s  towards higher  a c t i v a t i o n  energ ies .  The A-factor f o r  1-3 
H-shift is smal le r  than  t h a t  f o r  b e t a  C-C bond f i s s i o n  and t h i s  must be 
compensated f o r  by a lower a c t i v a t i o n  energy i f  t h i s  process  is t o  make any 
cont r ibu t ion .  S i m i l a r l y .  s i n c e  the  lowest  energy pa th  f o r  a c e t y l e n e  formation 
i n  our system is  t h e  breaking of t h e  benzyl-vinyl bond, then  any o t h e r  
c o n t r i b u t i o n  w i l l  a l s o  l e a d  t o  an i n c r e a s e  i n  measured a c t i v a t i o n  energy. On 
t h i s  b a s i s  w e  b e l i e v e  t h a t  to  some e x t e n t  our a c t i v a t i o n  energy is an upper 
l i m i t .  A lower l i m i t  i s  set by t h e  A-factor f o r  t h e  decomposition of a 
compound such as ethylbenzene o r  4 x 1015 /s. This  l e a d s  t o  a more "normal" 
A-factor 1.8 x lolo l/mol-s. Sca l ing  our a c t i v a t i o n  energy t o  o b t a i n  t h e  same 
rate cons tan t  w i l l  l e a d  t o  a value of  346 kJ/mol o r  a bond d i s s o c i a t i o n  energy 
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of 465 kJ/mol. Taking the average of these two values we arrive at 475~10 
kJ/mol as the most likely value. This is still a very large number. It is a 
reflection of the fact that our measured rate constants are much too small to 
be consistent with a low vinyl-H bond energy. 

In a similar fashion it is interesting to consider the consequences of a bond 
dissociation energy in the 435 kJ/mol range. Assuming our rate constant to be 
correct, this will imply an A-factor of 3 x 1014 /s and a rate constant for. 
combination of close to 109 l/mol-s. This strikes us as an extremely low and 
unlikely value. Even more unlikely is the highest reported value for the C-H 
bond energy in ethylene since this will lead to an A-factor of 2.5 x 101' /s 
and a recombination rate of 11 x 1011 l/mol-s. or larger than collisional. 
the other hand, a somewhat higher rate constant for vinyl radical combination 
is in line with increasing evidence for a very small disproportionation to 
combination rate constant ratio for vinyl radicals reacting with itself. 

On 
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Figure I: Important  S t e p s  i n  1-Phenylbutene-2 Decomposition 

1. Unimolecular Decomposition 
a. C-H bond s p l i t  C6H$HZCH=CHCH3 -> C6H5CCHdHCH3 + H 

b. C-C bond s p l i t s  C6H5CHZCH-dXCH3 -> C6H5 + CHZCH=CHCH3 

a. C6H$”CH=CHCH3 t R -> CrjH$HCH=CHCH3 + RH 

-> C6H5CH2CHdXCH2 + H 

-> C &% + CH=CHCH? 
2. Radical  Attack ( a b s t r a c t i o n  and a d d i t i o 3  

-> C6H5CH2CH=CHCH2 + RH 
b. C6H$H2CH=CHCH3 + H -> C ~ H ~ C H ~ C H E C H C H ~  

-> C6H5CH2CH2CHCH3 
-> C6H5CH2CHCH2CH3 

3. Decomposition of Radica ls  
CH2CH=CHCH3 -> CHpCHCH=CH2 
C~H~CHCHSCHCH~ -> C6H$H=CHCHdH2 + H 
C6H5CH2CH=CHCH2 

C6H6CH2CH=CHCH3 -> C6H6 + CH2CHdHCH2 
C6H5CH2CHZCHCH3 -> C6HgCH2 + C3Hg 
C ~ H S C H ~ C H C H ~ C H ~  -> C6HsCHCHdH3 + CH3 
CH=CHCH -> C H X H  + CH 

( s t a b i l i z e d )  

4. Decompo:ition Products’from I m p u r i t i e s  (nbutylbenzene, sbutylbenzene)  
lead ing  t o  e thylene ,  s t y r e n e ,  methyl, methane, e thane ,  etc. 

.8 

Figure 11: Comparative Rate  S tudies  on t h e  Formation of Benzyl and Propenyl 
from 1-PHB-2 and 1-MCH Decomposition; 1% 1-PHB-2 and 200 ppm 1-MCH i n  Argon 
( 0 ) ;  1% 1,2,4-TMB, .5X 1-PHB-2 and IOOppm 1-MCH i n  Argon ( *: ); and 
1 ,2 ,4  TMB, ,257, 1-PHB-2 and 50 ppm 1-MCH i n  Argon( ). Temperature, 1092-1221 
K; Residence t ime 500 microsecs . ;  Pressure ,  2.5-3.5 atms. 
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The C o r r e l a t i o n  of Benzene  P r o d u c t i o n  v i t h  S o o t  P i e l d  
Determined from F u e l  Pyro lyses  

LD. Kern, C.H. Wu, J.N. Yong, K.M. Pamid imukka la  and  B.J. S ingh  

Department of Chemistry 
Un ive r s i ty  of New Or leans  

New Orleans,  Louis iana  70148 

In t roduc t ion  

The r a t e  of p r o d u c t i o n  of s o o t  i n  p y r o l y t i c  r e a c t i o n  sys t ems  has  b e e n  
s t u d i e d  i n  shock t u b e s  us ing  a v a r i e t y  of non- in t rus ive  a n a l y t i c a l  t echniques ;  
l a s e r  e x t i n c t i o n  (LEX)'-6, s t a t i c  a n a l y s i s  of t h e  p r o d u c t  d i s t r i b u t i o n  f r o m  
s i n g l e  pu l se  shock t u b e s  (SPST)7-9, and dynamic a n a l y s i s  of t he  r e f l e c t e d  shock 
z o n e  by zime-of-f l i g h t  mass s p e c t r o m e t r y  (TOFllO. The d a t a  r e d u c t i o n  p r o c e s s  
o f t e n  i n v o l v e s  measurement of a changing b u l k  q u a n t i t y ;  e.&, a t t e n u a t i o n  of a 
lie-Ne l a s e r  beam due t o  abso rp t ion  by high molecu la r  weight gas phase s p e c i e s  
and  d i s c r e t e  s o o t  p a r t i c l e s  v i a  LEX o r  d e f i c i e n c i e s  i n  t h e  c a r b o n  a tom m a s s  
b a l a n c e  v i a  SPST or TOP. The c o n c e n t r a t i o n s  of  t h e  v a r i o u s  p o l y c y c l i c  
hydrocarbans formed i n  t h e  p r e - p a r t i c l e  s o o t  chemistry phase a r e  ex t remely  low9 
and a r e  below t h e  d e t e c t a b i l i t y  l i m i t  of t h e  TOP techniquelo  which i s  about 
10-l' m o l  The non-detected hydrocarbons c o n s t i t u t e  t h e  "missing" mass. 

The u l t i m a t e  g o a l  of t h e  work i n  t h i s  a r e a  i s  t o  write a c o m p l e t e  c h e m i c a l  
mechanism f o r  s o o t  f o r m a t i o n .  T h i s  f o r m i d a b l e  t a s k  h a s  been  a t t e m p t e d  f o r  
acetylene''. Some 180 spec ie s  and 600 r e a c t i o n s  were cons idered  i n  an e f f o r t  t o  
model t h e  s o o t  y i e l d  o b t a i n e d  by LEX. B o t h  t h e  c a l c u l a t e d  and e x p e r i m e n t a l  
y i e l d s  were v e r y  low ( <  1%). Compar ison  of t h e  c a l c u l a t e d  r e s u l t s  w i t h  t h e  
measured b u l k  q u a n t i t y  was obta ined  by assuming t h a t  a l l  spec ie s  i n  t h e  model 
h a v i n g  MW>300 a b s o r b e d  632.8 nm r a d i a t i o n .  The summation of t h e s e  h i g h  
molecu la r  weight  concen t r a t ions  conver ted  t o  carbon atoms and d iv ided  by 
t h e  input  carbon atom concen t r a t ion  y i e l d e d  the  computed soo t  y ie ld .  

The e f f o r t  he re in  i s  t o  deve lop  a c o r r e l a t i o n  between a r e a d i l y  o b s e r v a b l e  
molecu la r  spec ie s  whose presence i s  d i agnos t i c  of subsequent soot  format ion  and 
t h e  bulk  o b s e r v a b l e s  of l a s e r  e x t i n c t i o n  and mass ba lance  deficiency. 

Exuerimental  Techniques k p l o r e d  

LEX h a s  b e e n  u t i l i z e d  beh ind  i n c i d e n t  and r e f l e c t e d  shock  waves  d u r i n g  
v a r i o u s  o b s e r v a t i o n  times r a n g i n g  f r o m  0.5-2.5 m s l - 6 .  I n  o r d e r  t o  compare t h e  
r e l a t i v e  s o o t i n g  t e n d e n c i e s  of f u e l s ,  a t o t a l  c a r b o n  a tom c o n c e n t r a t i o n  o f  

atoms was chosen f o r  such  f u e l s  a s  e thylbenzene ,  t o luene ,  benzene, 
pyr id ine ,  a l l e n e ,  1,3 butadiene,  v i n y l a c e t y l e n e ,  and ace ty lene .  The soot  y i e l d  
v s  t h e  n o - r e a c t i o n  shock  zone  t e m p e r a t u r e  c u r v e s  a r e  b e l  1-shaped. A r o m a t i c  
compounds produced t h e  g r e a t e s t  amount of beam a t t e n u a t i o n  or s o o t  y i e l d  w h i l e  
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I 

a c e t y l e n e  e x h i b i t e d  t h e  l e a s t .  The e a r l y  LEX ~ o r k l - ~  r e p o r t e d  v a l u e s  f o r  t h e  
a b s o l u t e  s o o t  y i e l d  on t h e  o r d e r  o f  80 - 90% c o n v e r s i o n  of a r o m a t i c  f u e l s  t o  
soot. It v a s  subsequent ly  r e a l i z e d  t h a t  t hese  v a l u e s  were too high due i n  p a r t  
t o  unce r t a in ty  of t h e  l i t e r a t u r e  v a l u e  f o r  t h e  r e f r a c t i v e  index of soo t  and t o  
l i g h t  absorpt ion by p r e - p a r t i c l e   specie^.^ It was a l s o  known t h a t  a s i g n i f i c a n t  
amount of soo t  formation occurred i n  t h e  accompanying coo l ing  wava7*8 For t h e s e  
and o t h e r  reasons,  t h e  o r d i n a t e  f o r  soo t  y i e l d  p l o t s  was taken t o  be E(m) x s o o t  
y i e l d  w i t h  t h e  v a l u e  of E(m) l e f t  u n s p e c i f i e d  pend ing  r e s o l u t i o n  of t h e  
uncertain tie^.^^^ T h i s  a d j u s t m e n t  c a s t  t h e  LEX r e s u l t s  a s  a measurement  o f  
r e l a t i v e  r a t h e r  than a b s o l u t e  soo t  y i e lds .  

The t h r u s t  of t he  mass balance de f i c i ency  procedure was t o  add up a l l  of t h e  
carbon con ta in ing  products  de t ec t ed  and s u b t r a c t  from the t o t a l  carbon atoms i n  
t h e  o r i g i n a l  fue l .  Aromatic compounds shoved t h e  g r e a t e s t  d e f i c i e n c i e s  (with t h e  
n o t a b l e  e x c e p t i o n  of p y r i d i n e 6 )  and a c e t y l e n e  t h e  l e a s t .  The re  was good 
agreement wi th  regard t o  t h e  r e l a t i v e  soo t ing  tendencies  of f u e l s  i n v e s t i g a t e d  
w i t h  LEX and the mass d e f i c i e n c i e s  obtained by SPST and TOF. 

The TOF method o f f e r s  t h e  advantage of recording t h e  product d i s t r i b u t i o n  at 
s e l e c t e d  t imes du r ing  the  r e a c t i o a  Concentration p r o f i l e s  of v a r i o u s  obse rved  
s p e c i e s  a r e  c o n s t r u c t e d  w i t h i n  t h e  m / e  r ange  of 1 2  - 300 d u r i n g  t y p i c a l  
o b s e r v a t i o n  t i m e s  of cu 0.75 m s .  The d a t a  a r e  f i t  w i t h  computed l i n e s  f r o m  
proposed o r  known mechanisms. Benzene has been recorded during t h e  py ro lyses  of 
a l l e n e 1 2 ,  1 , 2  butadiene13, and 1.3 butadieneL4. The prof i l e a  have been modeled 
us ing  t h e  CHEMKIN ~ r o g r a r n l ~ s ~ ~  wi th  reasonable  success. 

-- B e s u l t s  and Discussion 

I n  o r d e r  t o  mimic t h e  soot  b e l l s  determined by LEX, benzene concen t r a t ions  
were modeled f o r  t h e  thermal  decompositions of C3Ht2;  1 , 2  C4H6l3, 1,3 C4H6l4> 
C.4H417, C ~ H C , N ~ ~ ,  and C2H2l9 .  I n  each of t hese  py ro lyses  i n v e s t i g a t e d  by t h e  TOF 
method, 
~ m - ~ .  The benzene concen t r a t ions  were c a l c u l a t e d  f o r  each of t hese  f u e l s  a t  1 ms 
a s  a f u n c t i o n  of no-reaction shock temperature i n  order  t o  compare w i t h  t h e  LEX 
work. The TOF and LEX r e s u l t s  a r e  shown i n  F i g u r e s  1 and 2. B e f o r e  d i s c u s s i n g  
each f u e l  i n d i v i d u a l l y ,  we no te  t h a t  the benzene concen t r a t ion  cu rves  a r e  b e l l  
shaped,  t h a t  t h e  r e l a t i v e  amounts  of benzene  formed a r e  i n  t h e  same g e n e r a l  
o r d e r  a s  t h e  s o o t i n g  t e n d e n c i e s ,  and t h a t  t h e  benzene maximum f o r  e a c h  f u e l  
precedes t h e  r e s p e c t i v e  soo t  tendency m a x i m a  

A l l ene  

t h e  t o t a l  carbon atom concen t r a t ion  was approximately 2 x 1017 atoms 

A 4.3% C3H4-Ne m i x t u r e  v a s  i n v e s t i g a t e d  o v e r  t h e  t e m p e r a t u r e  and t o t a l  
p r e s s u r e  r a n g e  of 1300-2000 K and 0.2-0.5 atm, r e s p e c t i v e l y .  TOF a n a l y s i s  
r e v e a l e d  t h a t  t h e  major products  were C 2 ~ 2 ,  c ~ H ~ ,  C H ~  and C&; l e s s e r  amounts 
of C2H4, C2H6,  C4H4, and C 6 H 2  were d e t e c t e d .  The ma jo r  p r o d u c t  prof i l e a  v e r e  
modeled w i t h  an 80 s t e p  r e a c t i o n  mechanism. The i n i t i a l  r e a c t i o n s  i n v o l v e d  t h e  
i s o m e r i z a t i o n  of a l l e n e  t o  propyne2O; b o t h  i somers  decompose t o  y i e l d  C3H3 + 

H21s22. Benzene was produced v i a  r eac t ion  of C3H3 with a l l e n e  and by r e a c t i o n  of 
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two C 3 H 3  r a d i c a l s .  The l a t t e r  r o u t e  was s u g g e s t e d  by Hurd23*24 i n  wh ich  C 3 H 3  
i n i t i a l l y  forms :CH-CH=&l v i a  1.2 H s h i f t  fo l lowed  by c y c l i z a t i o n  t o  benzene. 
Benzene c o n c e n t r a t i o n s  were c a l c u l a t e d  a t  1 m s  f o r  v a r i o u s  n o - r e a c t i o n  
t e m p e r a t u r e s .  The r e s u l  t i n g  b e l  1 shaped  c u r v e  i s  d i s p l a y e d  i n  F i g u r e  1 a l o n g  
w i t h  i t s  r e s p e c t i v e  LEX soo t  tendency b e l l 5 .  

1,2 Butadiene 

A 3% 1 , 2  CqHb-Ne m i x t u r e  was shocked o v e r  t h e  r a n g e s  1200-2000 K and 0.17- 
0.56 atm. The m a j o r  s t a b l e  s p e c i e s  o b s e r v e d  were  C2H2, CH4, C2H4 and  C4Hr  A t  
i n t e rmed ia t e  t empera tu res  ( around 1x0 K 1, benzene and to luene  were recorded. 
C2H2 and C4H2 were t h e  o n l y  major products  a t  high temperatures.  I somer i za t ion  
Of 1,2 to 1,3 C4Q precedes  e x t e n s i v e  decomposition. The two isomers decompose 
according t o  two pathways. 

1 , 2  C 4 4  ---e--> CH3 + C3H3 
1,3 C4H6 -----> 2 CzH3 

1 )  
2) 

The decomposition of 1,3 c4H6 has been s tud ied  by l a s e r  s c h l i e r e n  densi tometry 
(LS) and TOFL4. The r e a c t i o n  mechanism used  t o  model t h e  v a r i o u s  p r o d u c t  
p r o f i l e s  f rom 1,3 C4H6 was employed a s  a s u b s e t  t o  t h e  mechanism f o r  1 , 2  C4H6. 
R e a c t i o n s  d e s c r i b i n g  t h e  i s o m e r i z a t i o n  and o t h e r  key c h a n n e l s  c o m p l e t e  t h e  
model.  Benzene c o n c e n t r a t i o n s  were c a l c u l a t e d  a t  1 m s  and a r e  p l o t t e d  a s  a 
f u n c t i o n  of t e m p e r a t u r e  i n  F i g u r e  1. There  a r e  no LEX d a t a  a v a i l a b l e  f o r  
comparison. 

1.3 Butadiene 

A 3% 1,s C4Hb-Ne mixture  was s tud ied  o v e r  t h e  range comparable t o  1,2 C4H6. 
LS p r o f i l e s  ob ta ined  by P ro fes so r  Kiefer  provided c o n c l u s i v e  ev idence  t h a t  t h e  
ma in  pathway f o r  l e c o m p o s i t i o n  was C-C bond r u p t u r e  t o  p roduce  two v i n y l  
r a d i c a l s .  A 31 s t e p  mechanism modeled t h e  LS  p r o f i l e s  and the  TOF p r o f i l e s  f o r  
1 , 3  C4H6, C2H2, C2H4, C4H2 and C6H6l4. The amount of  benzene  p roduced  was l e s s  
t h a n  t h a t  recorded f o r  1 , 2  C4Q and f o r  an e q u i v a l e n t  amount of C3H& The l a t t e r  
r e s u l t  is i n  agreement w i t h  t h e  LEX work5 which i s  shown i n  F igu re  1. 

Acetylene 

C282 i s  t h e  major product i n  t h e  high temperature  thermal  decompositions of 
many h y d r o c a r b o n s ;  C T H ~ ~ ~ ,  C6B627-29, C5H5N18, C3H412,  1 , 2 1 2  and 1,3 
C4H614, and C4HZ0. A r a d i c a l  mechanism de r ived  l a r g e l y  from those  p r e v i o u s l y  
employed by G a r d i n e r 3 1  and K i e f e r 3 2  was used  t o  mode l  TOF d a t a  o b t a i n e d  on  a 
s e r i e s  of C2H2-Ne mixtures ,  1-6.2%, o v e r  t h e  range 1900-2500 K and 0.3-0.55 atm. 

The major spec ie s  modeled were C2B2, C4H2, and c&. Minor amounts Of c8H2 and 
C4H3 were r e c o r d e d ;  benzene  w a s  n o t  d e t e c t e d .  R e a c t i o n s  f rom t h e  benzene  
mechanism29 were added t o  the  model and used t o  c a l c u l a t e  the r e l a t i v e l y  minor 
amounts of benzene d e t e c t e d  i n  t h e  SPST work by COlketg. The r e s u l t s  a r e  shown 
i n  Figure 3. Although the  f i t  i s  no t  completely s a t i s f y i n g ,  the computed P r o f i l e  
i s  s a t i s f a c t o r y  f o r  our p u r p o s e  h e r e ;  name ly ,  t h e  benzene y i e l d  i s  v e r y  low 
compared t o  t h e  major s p e c i e s  present.  Benzene concen t r a t ions  f o r  an a c e t y l e n e  
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mixture  con ta in ing  2 X 10'' C atoms cm-3 a r e  p l o t t e d  i n  F igure  2 a long  wi th  t h e  
corresponding LEX soot  bell5. 

Vinylacetylene 

P Y r O l Y s i s  of C4H4 has  been  s t u d i e d  r e c e n t l y  by LS and TOP o v e r  t h e  r a n g e  
1500-2500 K and 0.14-0.56 atm30. Ana lys i s  of t h e  LS p r o f i l e s  r e v e a l e d  t h a t  t h e  
d e c o m p o s i t i o n  was c h a r a c t e r i z e d  by a h e a t  r e l e a s e  of - 40 k c a l  mol - l .  The LS 
p r o f i l e s  were a l l  c o n c a v e  upward which r u l e d  o u t  any a p p r e c i a b l e  c h a i n  
a c c e l e r a t i o n  reac t ions .  TOF measurements of t h e  major products,  C2H2 and C4H2 
d i s c l o s e d  a n e a r  c o n s t a n t  r a t i o  of C2H2/C4H2 Y 5 which  was i n d e p e n d e n t  of t h e  
obse rva t ion  t ime and t empera tu re  Trace amounts of C6H2 were recorded a t  h ighe r  
t e m p e r a t u r e s ;  C8H2 and benzene were  n o t  d e t e c t e d .  These  f a c t s  s u p p o r t  t h e  
proposa l  t h a t  t he  mechanism is  molecular  and occurs  v i a  the  r e a c t i o n s  

C4H4 + K -----> 2 C2H2 + M 3)  
C4H4 + M ----- > C4H2 + H2 + M 4) 

The LS p r o f i l e s  and t h e  TOF p r o f i l e s  were  f i t  w i t h  r a t e  c o n s t a n t s  d e r i v e d  f o r  
t h i s  two channel d i s soc ia t ion .  These conclus ions  a r e  i n  c o n f l i c t  wi th  two o t h e r  
shock tube r e p o r t s  t h a t  propose a r a d i c a l  mechanism f o r  t he  p y r o l y s i s  i n  which 
t h e  f i r s t  s t e p  i s  C-H bond r ~ p t u r e ~ ~ * ~ ~ .  

C4H4 -----> C4H3 + H 5 )  

The i n i t i a t i o n  i s  f o l l o w e d  by a sequence  of r a d i c a l  r e a c t i o n s .  The b e n z e n e  
concen t r a t ions  shown i n  F igure  2 were c a l c u l a t e d  us ing  rxs  3) and 4) a l o n g  wi th  
the  C2H219 and C6QZ9 mechanisms p rev ious ly  mentioned t o  f i t  t he  SPST d a t a  i n  
F i g u r e  3. 

Pyr id ine  

LS and TOF p r o f i l e s  h a v e  been  r e c e n t l y  o b t a i n e d "  f o r  t h e  t h e r m a l  
d e c o m p o s i t i o n  of C5H5N o v e r  t h e  r a n g e  1700-2200 K and 0.13-0.5 atm. The LS 
p r o f i l e s  d i sp l ayed  l o c a l  maxima which i s  a s igna tu re  f o r  cha in  a c c e l e r a t i o n  of 
t h e  n e t  e n d o t h e r m i c  r a t e .  The main p r o d u c t s  were  i d e n t i f i e d  by TOF t o  b e  HCN,  
C2H2, and C4Hp A 24 s t e p  mechanism was cons t ruc ted  which inc luded  t h e  f o l l o w i n g  
s t eps :  

CgH5N + M ----- > C5H4N + H + M 

c 5 4  H N + M -----> C4H3 + HCN 

6 )  
7 )  
8 )  

H + C.jH5N -----> CgHqN + H2 

Benzene concen t r a t ions  were c a l c u l a t e d  i n  the  manner employed f o r  C4H4 and a r e  
extremely low which is i n  accord wi th  the  LEX r e s u l t 6 .  The near absence of t h i s  
key b u i l d i n g  b l o c k  i n h i b i t s  p o l y c y l i c  growth  and s u b s e q u e n t  s o o t  f o r m a t i o n .  
I n t a c t  py r id ine  r i n g s  a r e  not  s u i t a b l e  s u b s t i t u t e s  s ince  p o l y c y c l i c  growth i s  
r e t a rded  by the presence of t he  r i n g  nitrogen. 

459 



Temperature Changes 

Thermal decompositions are endothermic processes  and t h e  system tempera ture  
decreases  as t h e  r e a c t i o n  progresses.  This  po in t  i s  i l l u s t r a t e d  i n  Figure  4 i n  
which t h e  soot  bell f o r  t o l u e n e  at 1 ma obse rva t ion  t i m e 4  is s h i f t e d  markedly  
when the  system tempera ture  a t  1 ma is used t o  p l o t  t h e  soo t ing  tendency i n s t e a d  
of t h e  u s u a l  p r a c t i c e  wh ich  employs  t h e  no r e a c t i o n  t empera tu re .  The  
t e m p e r a t u r e s  a t  l m s w e r e  c a l c u l a t e d  u s i n g  a m e c h a n i s m f r o m r e c e n t  LS and  TOF 
work on C7H826 which i d e n t i f i e s  t h e  major pathway f o r  d i s s o c i a t i o n  as 

C B + M -----> C6B5 + CH3 + M 9) 7 8  

Temperature d e c r e a s e s  f o r  t h e  py ro lyses  represented  i n  F igu res  1 and 2 a t  1 m s  a r e  
l i s t e d  i n  Tab le  1. 

Conclusions 

There appears t o  be s u f f i c i e n t  ev idence  t o  suppor t  t h e  c o r r e l a t i o n  of benzene 
product ion  and soo t  tendencies.  It does not n e c e s s a r i l y  f o l l o w  t h a t  t he  key to 
s o o t  c o n t r o l  i s  l i m i t i n g  s o l e l y  t h o s e  r e a c t i o n s  and/or spec ie s  which promote 
benzene formation. The p y r o l y s e s  cons idered  h e r e i n  were those  of "pure" f u e l s .  
S y n e r g i s t i c  e f f e c t s  h a v e  b e e n  r e p o r t e d  f o r  f u e l  m i x t u r e s ;  e.&, a0 .75% C7H8 - 
0.752 C5H5N - A r  mix ture  produced almost as  much soot  a s  an  e q u i v a l e n t  amount of 
"pure" to luene ,  1.5% C7H8 - Ar6. Never the less ,  t h e  r e s u l t s  h e r e i n  a r e  c o n s i s t e n t  
w i t h  t h e  p r o p o s a l  of r e l a t i v e l y  low c o n c e n t r a t i o n s  of s o o t  n u c l e i  w h i c h  
subsequent ly  i n c r e a s e  i n  mass due t o  su r face  growth by C2H235. 
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Table 1. 

Temperature Decrease During Pyrolyses of Various Fuels 

C3H4 1.2 C4% 1 , 3  c4H6 C4H4 '2282 CgHgN C7H8 
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2300 

2 400 

- 

41 

110 

168 

206 

233 

2 49 

258 

26 4 

57 

114 

164 

206 

239 

26 9 

300 

3 25 

340 

3 49 

88 

1 49 

21 1 

268 

316 

3 54 

378 

3 93 

400 

402 

36 (0.5 25 

95 1 75 

150 3 155 

186 6 235 

205 10 310 

208 1 4  375 

209 18 415 

210 23 433 

212 29 433 

212 33 433 

- 

93 
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311 

379 

433 
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47 1 
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IN MIXTURES OF HYDROCARBONS 
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INTRODUCTION 

Interest in soot formation in binary hydrocarbon mixtures has increased in recent 
years. Besides the very practical aspects of such knowledge, the subject is of interest from 
a fundamental point of view: to provide additional information for the elucidation of the 
soot formation mechanism. There is evidence, both experimental [ 1-81 and theoretical 
19-11], that  the key chemical reactions leading to soot formation in hydrocarbon systems 
are those between aliphatic and aromatic species. The importance of such reactions was 
suggested as early as 1960 by Stehling et al. 1121. 

This paper presents the results of a shock-tube pyrolysis study on soot formation 
from a series of binary hydrocarbon mixtures: benzene-additive, where the additives 
were acetylene, allene, vinylacetylene and 1,3-butadiene; and allene-acetylene, butadiene- 
acetylene and acetylene-hydrogen. 

EXPERIMENTAL 

The experiments were conducted behind reflected shock waves in a 7.62 crn i.d. shock 
tube 14-61. The 
experimental conditions which were chosen such as to allow comparison with the previous 
results [5,6]. The experiments were carried out a t  temperatures from 1500 K to 2490 
K,  pressures from 1.3 to 3.1 bar, and carbon atom concentrations from 2.0 to 6.8~10’’ 
atoms/cm3. The appearance of soot was monitored by the attenuation of a He-Ne laser 
beam (632.8 nm) at  approximately 10 mm from the end plate of the shock tube. The 
term soot has been used in our work as a lumped property meaning “species absorbing 
at a 632.8 nm”. For its practical measure, the amount of carbon atoms accumulated in 
soot is used in this work. The latter property is calculated following the usual Raylegh 
approximation [13] using the complex refractive index of Dalzell and Sarofim (141. 

Ten different mixtures were tested during the course of this study. 

The experimental results are presented for a reaction time of 1 ms; this time is chosen 
arbitrary - qualitatively similar results were obtained at all observation times. 
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RESULTS AND DISCUSSION 

Acetylene-Hydrogen 

Figure 1 depicts the comparison of soot carbon obtained in a acetylene-hydrogen 
mixture with those obtained at similar conditions from acetylene alone. As  can be seen 
in this figure, hydrogen strongly suppresses soot formation from acetylene. Wang et al. 
[15] also observed the suppression effect of hydrogen in toluene-hydrogen mixtures. A 
chemical kinetic model [9,10] predicts this effect: aadition of molecular hydrogen increases 
the reverse rate of the "reactivation", H-atom abstraction reactions. 

Allene-Acetylene and Butadiene-Acetylene 

Figures 2 and 3 present the amount of soot formed in mixtures of acetylene with allene 
and 1,3-butadiene, respectively, and a comparison with the results for the individual fuels. 
A pronounced synergistic effect is observed for these cases. 

A computer simulation for the conditions of a butadiene-acetylene mixture with a 
mechanism of butadiene pyrolysis [ 101 qualitatively predicts the experimentally observed 
synergistic effect (the lack of quantitative agreement, as discussed previously [10,16], is due 
to insufficient knowledge of thermochemical data). The results of the computer simulation 
are given in Fig. 4. The analysis of the computational results revealed that the main 
factor affecting soot formation is the increase in the rate of acetylene-addition reactions. 
This accelerates cyclization reactions and suppresses decomposition of n - C,H, radicals 
to CzHz and n-Cx-zHy-z. The reaction pathway to soot is similar to that identified for 
pyrolysis of butadiene [ 101, except that cyclization via 

becomes more prominent (yet still slower than the reaction sequence via n-CeH5 [9], 

a t  the conditions of the soot yield maximum). 
Based on the computational analysis of the butadiene-acetylene case, the experimental 

results obtained for allene-acetylene mixtures (Fig. 2) may indicate the importance 
of sequential addition of two acetylene molecules to CHz=C=CH* radical followed by 
cyclization to a relatively stable benzyl radical. In other words, we propose that in a n  
allene system the first-ring cyclization is not the formation of phenyl or benzene but  
rather that of benzyl. 
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Benzene-A ddi t ives 

Figures 5 and 6 present the results obtained in mixtures of benzene with aliphatic 
hydrocarbons. Addition of acetylene (Fig. 5) enhances soot formation. However, the effect 
is pronounced only at relatively high (2.72 and 1.09 %) initial concentration of acetylene. 
With smaller amounts (0.54 %) of acetylene added, there is no significant increase in 
soot production; on the contrary, there is a slight suppression of soot formation at  lower 
temperatures. 

The main feature of the dominant reaction pathway to soot identified for benzene 
pyrolysis [lo] is the formation of byphenyl by the addition of phenyl radical to benzene 
followed by sequential addition of two acetylene molecules to form pyrene. The initial 
presence of acetylene, as revealed by the results of a computer simulation using a benzene 
pyrolysis mechanism [lo], increases the rate of the ring-growth process and suppresses the 
rate of phenyl fragmentation, both being promoting factors. However, reaction of acetylene 
with phenyl forming phenylacetylene removes phenyl radicals from a more efficient ring- 
forming pathway, addition to benzene molecules, which counteracts the promoting factors. 

6 show that vinylacetylene and 1,3- 
butadiene are more efficient soot promoters than acetylene. Soot-yield maxima in their 
mixtures with benzene are shifted to higher temperatures compared to that of benzene 
alone, which indicates that  decomposition of the additives is important. The results of 
computer simulations, which reproduced (again, qualitatively) the experimental trends, 
support this conclusion. For instance, in the benzene-vinylacetylene case, decom3osition 
of vinylacetylene via 

C4H4 --t C4H3 + H 

The experimental results reported in Fig. 

initiates the pyrolysis. 
aromatics compared to the pyrolysis of benzene alone. For example, reaction sequence 

Reactions of C4H4, C4H3 and CzH3 enhance the growth of 

Ph + C4H4 --+ PhCHCHCCH + H 
PhH + n-CdH3 -+ PhCHCHCCH + H 

PhCHCHCCH + H -+ OPhCHCHCCH + Hz 
oPhCHCHCCH --+ 2-naphthy1, 

where OPhCHCHCCH is an orthesubstituted phenyl radical, is accelerated with the 
addition of vinylacetylene to benzene. 

The results obtained in a benzene-allene mixture (Fig. 4) indicate a synergistic effect. 
Thus, not only does allene have a high sooting tendency itself IS], but it appears to be also 
an efficient soot promoter. 
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Figure 1. Comparison of soot carbon in pyrolysis of acetylene 
and acetylene-hydrogen mixture. 
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Figure 2. Comparison of soot carbon in pyrolysis of acetylene, 
allene, and acetylene-allene mixture. 
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Figure 3.' Comparison of soot carbon in pyrolysis of acetylene, 
1,3-butadiene, and acetylene-butadiene mixture. 
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Figure 4. Comparison of computed soot carbon in pyrolysis of 
acetylene, 1,3-butadiene, and acetylene-butadiene 
mixture. 
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Figure 5. Comparison of soot carbon in pyrolysis of benzene, and 
benzene-acetylene mixture. 
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Figure 6. Comparison of soot carbon in pyrolysis of benzene, 
benzene-acetylene, benzene-allene, benzene-vinylacetylene, 
and benzene-butadiene mixtures. 
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THE WJLeCULAa DISSOCIATIOll OF VIWLACETYLENE 
AND ITS IWPLICATIOUS FOE ACETYLENE PYBDLYSIS 

John H. Kiefer and Kevin I. Mitchell 
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University of I l l i n o i s  a t  Chicago 

Chicago, I l l i n o i s  60680 

Perhaps the most extensively investigated of a l l  fuel  pyrolyses is that 
of acetylene. The reasons are compelling: acetylene is a major product of 
v i r tua l ly  a l l  hydrocarbon pyrolysis and oxidation. and its reactions usually 
govern the l a t e r  states of such processes, i n  par t icu lar  the formation of 
soot.  
been selected a s  ‘the prototype fuel  i n  a recent detailed model of the soot 
formation process (3).  

Although C H 
temperature (700-35001) (4-17). and by many different and usually re l iab le  
methods. there is little agreement even on its in i t i a t ion .  
uuch l ike a single second-order reaction over 700-25OOK (5.7) and the early 
products a re  commonly dominated by m u l t i p l e s  of the C H unit .  

there is good evidence that vinylacetylene (C  H 1-buten-3-yne) is the sole 

i n i t i a l  gaseous product below 1500K (4-8). pyrolysis 

is largely a molecular polymerization. but the reaction a l so  shows induction 
periods (11.15). a sens i t iv i ty  t o  110 (15). rapid isotopic scrambling i n  
C H -C D mixtures (6). as  w e l l  as minor products suggestive of radical 

intermediates (6.9.14). 
recent workers (7.9.10.12.17) have described th i s  pyrolysis as an H-atom chain 
in i t ia ted  by 

There a re  a l so  some interesting attempts to  reconcile the evidence for chain 
and molecular reaction which postulate an intermediate t r i p l e t  C H 
-diradical) (5.7.18). 

s t r ik ing .  
noted by Palnser and Dormish (7). it is quite unlikely the same mechanism 
applies f o r  a l l  conditions. 
the reaction is a degenerate branched chain (10) which is probably in i t ia ted  
by simple dissociation. 
there is obviously a large heterogeneous component (5.7). 
temperatures impur i t ies  could readily compete as  a source of chain ini t ia t ion.  

process. which could w e l l  be the dissociation of vinylacetylene. 
Decomposition of C H has recently been studied i n  the shock tube by Colket 
(9) and Hidaka et  el. (19). 
in i t ia ted  by 

although they derive activation energies fo r  t h i s  of 80-85 kcal/mol. which do 
seem low. The dominant products a r e  C H and C H with a very consistent 

C H /C H r a t i o  of 5-10. 

C4H4 decomposition a t  very high temperatures (1500-250010 where the 
unimolecular dissociation should dominate, using laser-schlieren (LS) and 

414 

Acetylene is evidently essential  t o  soot formation (1.2). and has a lso  

pyrolysis has been observed over an enormous range of 
2 2  

The process looks 

I n  particular,  2 2  

This a l l  suggests C H 
4 4 ’  

2 2  

2 2  2 2  
A l l  this of course implies chain reaction, and most 

2 C H  + C H  + H  1) 2 2  4 3  

(1.2 2 2  

Given the e f f o r t  expended on C H pyrolysis the lack of consensus is 
2 2  

Wch of this uust simply ref lect  the complexity of the process. As 

Certainly a t  very high temperatures, above 2500K. 

In the flow and s t a t i c  reactor studies below lOOOK 
A t  the lower 

Some of the  above complications may be avoided by observing the reverse 

4 4  
They again suggest a rad ica l  chain mechanism 

c4n4 + C ~ H ~  + H 2) 

4 2  2 2  
2 2  4 2  

In a collaboration with R. D. Kern (20) w e  have reinvestigated the 



time-of-flight (TOP) mass spectroscopy techniques on shock waves. Here we 
present a brief reiteration of the C H 4 4  
implications for the C H pyrolysis, implications which have led to the 
proposal of a new mechanism for this reaction. 

results together with their 

2 2  

eXPERIMEHTIU. 
Both the LS (2 and 4% C6H6 - K r .  1650-2500K. 110-421 torr) and TOP (2% . .  

C4H4 - Ne. 1500-2200K, 150-300 torr) measurements used apparatus and 
procedures which have been fully described (21,221. Vinylacetylene was 
obtained from Uiley Organics, degassed and distilled for purification. finally 
showing no more than -0.1% impurities. Thermodynamic properties of C H were 

calculated from molecular properties (23). using an estimated AHZ,,,, = 69 
kcallml (24). A more detailed description of the experiments and 
calculations will be found in ref. (20). 
BRSULTS 

The important feature here is the upward concave shape. 
consistent throughout the LS experiments and show there can be no significant 
chain reaction in C H pyrolysis. 

4 4  
decomposition producing a convex profile. 
pyridine (26). which evidently dissociate by C H  scission, this acceleration 
is so severe it generates a local maximum. 
chain in C H 
with a "reasonable" chain mechanism. initiated by reaction 1) (see ref. ( 2 0 )  
for details). As expected, the result is a strongly convex profile in 
complete disagreement with the measurements. 
contribution from such a chain is excluded. 
sensitivity to small amounts of chain reaction. 
reaction 1) produces noticeable deviation. 

The TOF profiles also argue against a chain initiated by reaction 1). 
They show C2H2 and C4H2 as major products with C2H2/C4H2 -5 independent of 
temperature (or even time) in essential agreement with the other recent shock 
tube studies (9.19). 
the required dominance of C H at high temperatures where the products mainly 

2 2  
arise from dissociation (and abstraction). 
great excess of C H 

suggest the main channel for C H 

4 4  

Example LS semilog density gradient profiles are presented in Figure 1. 
This concavity is 

A chain will accelerate the endothermic 
For example, in benzene (25) and 

The likely consequences of such a 
are shown in Figure 2 where we have modeled one LS experiment 

4 4  

In fact. even a small 
In Figure 2 we also show the 

Even 1% dissociation through 

'Ehe problem is any chain initiated by 1) cannot maintain 

Such a chain then produces the 
shown in Figure 3. 4 2  

The product distribution and the absence of discernable chain reaction 

C H  + 2 C H  3)  

dissociation m s t  be 
4 4  

4 4  2 2  
With almost no chain much of the C H product uust be formed through 

4 2  
C4H4 + C4H2 + H2 4) 

We have modeled the LS and TOP data using just these two reactions with the 
uniformly excellent results exemplified in Figures 1.2, and 4. 
for the sum of reactions 3)  and 4) (both have Ani9, very near 40 kcallml), 
derived from the zero-tima density gradients, are shown in Figure 5. Here we 
also show a "routine" BBM( model fit to these data. 

Rate Constants 

This model 
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projects an e f f ec t ive  b a r r i e r  of 19.5 
f o r k  

Hidaka et a l .  (19). 

3 kcallmol and an activation energy 
of 82.5 kcallmol. consistent with the results of both Colket (9) and 

W 

DISCUSSIOU 

recognizing the vinylacetylene as a substituted ethylene, which l ike ethylene 
has no weak bonds. The priwary dissociation channel in  C2H4 is now known to 
be H elimination (27.28). This evidently involves a 1.1-elimination t o  

s ing le t  vinylidene (:C-dXi ) (29) which very rapidly isomerizes t o  C2H2 (30). 

W e  now propose that ChHa dissociates analogously - by 2.2-elimination of C2H2 

A mechanism f o r  the above molecular dissociation channels is suggested by 

2 
2 

_ .  
C H  +:C=CH + C H  

4 4  2 2 2  fastL C2H2 

c H + :c=cn-DcH + H 

3) 

2 
o r  2.1-elimination of H 

2 :astLc4"2 4 )  

We expect similar ba r r i e r s  fo r  these two paths with a lower A-factor fo r  
separation of the rmch l igh ter  H,. This is then consistent w i t h  the - 
predominance of product C H 

- + 2 kca l lml .  43.5 tcallmol above acetylene (31). 
l i m i t  and lower values have been proposed (32). 

+ :C I CH + C H is then AH;'g3 6 54.2 + 97.7-69 = 84.9 kcallmol. which 

would drop t o  below 83 kcallmol a t  OeK. 
reverse bar r ie r .  so 83 kcallmol should exceed the forward barrier.  and th i s  is 
quite close enough t o  the 79.5 f 3 kcallmol obtained from the TUtW f i t  t o  the 
LS data. 

vinylacetylene t o  two acetylenes, reaction 3). establishes that a d i rec t  
dimerization of acetylene t o  vinylacetylene does indeed occur. The only 
remaining phenomenological question is whether this can account for  the en t i r e  
second-order rate seen i n  C H pyrolysls. 

constants f o r  3).  and second-order ra te  constants f o r  its reverse, using the 
kw obtained from the BByll calculations ( t h i s  choice is discussed below). 

resu l t  is compared t o  a schematic sumnary of the C H dimerization data in 

Figure 6 .  H e r e  the agreement with the (homogeneous) shock-tube data 
(4.6.9.12.17) and with the resu l t s  of Palmer and Donnish ( 7 )  (which were 
corrected f o r  heterogeneous reaction) is very good. The low temperature data 
(<1OOOK) may w e l l  have other problem besides heterogeneous reaction (see 
below). but this detailed balance calculation is anyway rmch too sensit ive t o  
the heat of formation of C H 

kcallmol i n  this estimated AHo w i l l  actually produce an excellent f i t  
throughout. I n  any case it is clear that simple dimerization t o  C H is a 

4 4  
major par t  of what goes on i n  C H pyrolysis. 

and the near constancy of the C H /C H ra t ios .  

The l a t e s t  value f o r  the heat of formation of s ing le t  vinylidene is 97.7 
Actually t h i s  is an upper 

The heat of reaction for C H 

2 2  2 2  4 2  

4 4  

2 2 2  
This reaction should have l i t t l e  

By detailed balance. observation of the unimolecular dissociation of 

W e  have calculated equilibrium 2 2  

The 

2 2  

a t  such low temperatures. A reduction of j u s t  2 
4 4  

f 

2 2  
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1 

I 
The detailed mechanism of the C H dimerization would now be 

2 2  
isomerization t o  vinylidene followed by insertion of this into the C-H bond of 
acetylene (33) 

c H + : c - 4  5 )  

: C - a  + C H + C H 6)  
2 2  2 

C H + H ( 1 7 1 )  
2 4 3  

shows that  when deactivation t o  C H slows a t  high temperature (andlor low 

pressure) it opens the channels 
4 4  

2 C H  + C H  + H 2  7 )  2 2  4 2  

2 2  4 3  2 C H  + C H  + H  8 )  

These w i l l  now ac t  t o  "pull" the dimerization forward, a t  l ea s t  par t ia l ly  
compensating fo r  the f a l lo f f  i n  C H 
a l so  convert both C H and any residual C H t o  C H and higher 

2 2  4 4  4 2  
polyacetylenes, par t icu lar ly  a t  very high temperatures. 
neither 7 )  nor 8) can proceed till there is fa l lof f  of the deactivation, i . e . ,  
above about 1500K. 
explanation f o r  the crossover from C H to  C H pyrolysis h i c h  O C C U ~ S  

around 1500-16OOK ( 6 . 7 . 9 ) .  However. a quantitative modeling on t h i s  basis may 
be quite d i f f i c u l t  below 1600K.  where production of H-atom through reaction 8 )  
rmst be very slow and could be overwhelmed by impurity generation. 
a l so  suggest the isotopic scrambling i n  C H I C  0 mixtures (61, alluded t o  
ea r l i e r .  probably requires very l i t t le  H-atom'(34) which could be generated by 
a small contribution from 8 )  andlor various impur i t ies .  

involves polymer. tar. and char formation and has a s igni f icant  heterogeneous 
component (5.7.11) .  Minor products h i c h  suggest chain reaction may be 
generated by polymer carbonization. heterogeneous reaction. o r  f o r  that 
matter. impurity in i t i a t ed  chain reaction. 

formation. The chain in i t ia ted  by 8 )  can 
4 4  

Bote that here 

The onset of these two channels may provide a reasonable 
i n  C H 

4 4  4 2  2 2  

We would 

2 2  2 2  

Below ZOOOK the s i tua t ion  may be even more complex. The pyrolysis now 



Finally. we offer a highly tentative explanatlon for the polymer formed 
at the lowest temperatures. Usually carbenes preferentially insert into 
rmltiple bonds (33). so the dominant insertion product should be 
methylenecyclopropene. This has now been synthesized (35.36) and is quite 
unstable. For one thing it evidently polymerizes (36); at high temperatures 
it probably reverts to C H This suggestion is closely analogous to the 2 2' 
triplet diradical schemes (5. 7, 18) and can deal with the same phenomena. 
addition to the right energetics. it also has the advantage of fading out at 
high temperatures where the methylenecyclopropene reverts to acetylene. 
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INTRODUCTION 

C 4  species have long been proposed to be critical intermediates in forming 
aromatics from lighter aliphatics. Recent work (1) supports the hypotheses that 
1-buten-3-ynyl (1-CqH3) and 1,3-butadienyl (1-CqHg) are the specific species 
involved in low-pressure flames of acetylene (C2H2) and 1.3-butadiene (1,3- 
C4H6). 

1-C4H3 and 1-CqH5 have been suggested before as the key reactants (2- 
6) ,  but the recent work shows that the earlier, thermal mechanisms are not 
justified; rather, only chemically activated pathways are feasible. Earlier 
studies generally assumed addition to C2H2, followed by thermal cyclization of 
the linear adduct to phenyl and cyclohexadienyl, respectively, and by thermal 
decomposition of the cyclohexadienyl to benzene and H. All reactions were 
implicitly assumed to be in the high-pressure limit. However, appropriate 
analysis of falloff indicates that this thermal sequence is too slow, even at 1 atm, 
while chemically activated intermediates from the same addition reactions lead 
directly to aromatics with fast enough rate constants. 

Identifying the sources of 1-CqH3 and 1-CqHg is plainly of interest. 
Literature analyses (2-6)  assumed these sources were addition of C2H and C2H3 
to C2H2, again (implicitly) in the high-pressure limit. Also, the quantitative test 
in (1) was comparison of the measured, net rate of benzene formation to a rate 
calculated from predicted rate constants and the measured C2H2, C4H3, and 
C4H5 concentrations. An improved test would use concentrations of the specific 
isomers 1-C4H3 and I-CqHg, which could not be resolved from other C4H3 and 
C4H5 isomers experimentally. 

Rates are predicted and compared here for the reactions that form and 
destroy 1-CqH3. 1-CqH5, and other C4H3 and C4H5 isomers. 
estimated by analogy and thermochemical kinetics (7) for H-abstraction. from 3- 
butenyne (C4H4 or vinylacetylene) and from 1,3-CqHg. 
Quantum-RRK (8-9), rate constants, branching and pressure dependence are 
predicted for the association reactions of radical addition (C2H+C2H2 and 
C Z H ~ + C ~ H ~ ) ,  H-addition (to C4H2 and C4H4), and H/radical and radical/radical 
recombination (H+C4 radicals, C2H+C2H3 and C ~ H ~ + C Z H ~ ) .  

Rate constants are 

Using Bimolecular 
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EXPERIMENTAL AND THEOWTICAL PROCEDURES 

Experimental data, - Profiles of mole fractions were mapped for 38 stable 

The fuel-equivalence ratio was 2.40, 
species and free radicals in a lightly sooting flat flame of C2H2/02/5% Ar (10) 
using molecular-beam mass spectrometry. 
burner velocity (298 K) was 0.50 m/s, and pressure was 2.67 kPa (20 ton). 
Temperatures were measured using a 0.076-mm diameter Pt/Pt-l3%Rh 
thermocouple, coated with a thin B e o m 2 0 3  glass to eliminate catalytic heating 
and resistively heated to the flame temperature so as to eliminate convective 
heat transfer. Mole fractions .were shifted 0.11 mm toward the burner (two 
orifice diameters), compensating for the shift caused by the probe. 

Direct and indirect calibrations were used, and the smoothed data curves 
were used in the present calculations. 
directly within 3% except for H 2 0  (25%). 
factor of two by the method of relative ionization cross-sections (11). 
of the correction for l 3 C  isotope effects and the low signals, the shapes of the 
radical profiles are less well defined than those of the minor stable species. 

Major stable species were calibrated 
Minor species were calibrated within a 

Because 

Complete profiles for all species of interest except C2H and 0 were 
measured. 
predicted (10) using a modified Warnatz (12-13) reaction mechanism. 

For C2H and 0-atom in the present calculations, mole fractions were 

Predicted rate constants. - Two types of reactions were considered: 
abstractions of H and association reactions, which include additions, 
combinations, and (by microscopic reversibility) unimolecular decompositions. 
Abstraction rate constants and high-pressure-limit association rate constants 
may be estimated by simple analogies or by more complex analogies such as 
thermochemical kinetics. However, as noted above, proper consideration of 
pressure effects is necessary for association reactions. Even at 1 atm and for 
relatively large molecules, these effects can be significant at combustion 
temperatures (14) .  

Bimolecular Quantum-RRK (8-9) was used here to predict falloff for 
addition and combination reactions. The method also predicts rate constants for 
the chemically activated decomposition paths, which numbered as many as three 
in the present study. These rate constants are also influenced by pressure but 
have an inverse falloff behavior (pressure-independent at low pressures (9)).  
Input data needed for the method are high-pressure-limit, Arrhenius pre- 
exponential factors and activation energies for each association and dissociation 
step; geometric mean frequency and number of frequencies in each adduct; and 
collisional properties of adduct and bath molecules. 

Arrhenius parameters A and Eact were estimated for one direction of 
reaction, and the parameters for the reverse reaction then were calculated using 
the equilibrium constant (microscopic reversibility). For example, rate constants 
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for radical combinations were estimated by an extension (10) of a method of 
Benson (15) and were assumed independent of temperature. 

ESTIMATION OF THERMODYNAMICS AND OF RATE CONSTANTS 

Species involved in the reactions to be analyzed include H, H2, 0, OH, H20,  
C2H, C2H2, C2H3, C2H4, C4H2, C4H4 (vinylacetylene), 1,2,3-C4H4 (butatriene), 
1,3-C4Hfj, and the C4H3 and C4H5 radicals. Few data are available for the 
thermodynamics and kinetics of C4 species. The necessary data may be 
estimated with useful accuracy, but data uncertainties and their effects must be 
examined. 

Thermodvnamics.  - These properties (Table 1) were estimated using 
group additivity. 
groups for unsaturates and rings by Stein and Fahr (16). 
vinyl (ethenyl) and ethynyl radical sites were derived from the heats of 
formation (298 K) of 70.4 kcal/mol for C2H3 (17) and 135 kcal/mol for C2H 
(inferred from (18)). These values appear reliable, but other values as low as 
63 and 127 have been suggested. 

The groups of Benson (7) were supplemented by the recent 
Additional groups for 

Structural assignments must be made in order to apply group additivity to 
the C4H3 and C4H5 radicals. For 1-CqH3 or 1-CqH5, the radical site is on a 
terminal alkene carbon, and properties are inferred by analogy of l-CqH3/CqHq 

or l-C4H5/1,3-C4Hfj with C ~ H ~ / C Z H ~ .  Similarly, properties of the CH2CHCC' 
radical can be estimated from C4H4 and C2H/C2H2, and for HCC-CH=CH., from 1-  

butyne and C Z H ~ / C ~ H ~ .  Even for HCC-CH'-CH3, the species is easily treated as 
an allylic radical of 1-butyne. 

The remaining two radicals, HCC-C'=CH2 (2-C4H3) and CHz=CH-C'=CH2 (2- 
C4H5). are more difficult. 
these that are created inside conjugated pi-bond systems. 
thermodynamics are estimated for equivalent resonance structures for 2-CqH-j 

and 2-CqHg. respectively 'CH=C=C=CH2 and 'CH2-CH=C=CH2. The first, allenic 
radical is assumed to  be formed with the 110 kcal/mol bond dissociation energy 
of C2H4, while the second radical is treated as a simple allylic site. 

No groups are available for vinylic radical sites like 
Instead, 

The properties are summarized in Table 1. In addition, necessary 
geometric-mean frequencies were estimated from frequency assignments and 
are included in Table 1. 
quantized energy distribution is not affected greatly. 

Rougher estimates could have been used, as the 
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Table 1. Estimated thermodynamic properties and geometric-mean frequencies (enthalpy 
in kcal/mol; entropy in cal/mol K). 

AHf.298 S298 

C2H 135.0 49.6 
C2H3 70.4 54.5 
CqH2 (HCC-CCH) 105.1 59.8 
l-C4H3 (HCC-CH=CH.) 126.1 66.5 
2-CqH3 (HCC-C=CHz) 138.7 68.3 
CHz=CH-CC 149.2 65.3 
C4H4 (vinylacetylene) 68.2 65.1 
123-CqHq (butatriene) 80.9 63.1 
1-CqH5 (CH2=CH-CH=CH) 84.2 68.7 
2 - W 5  (CH~=CH-C=CHZ) 72.2 69.9 
HCC-ClQ-CHZ' 85.6 70.7 
HCC-CH'-CH3 96.6 73.1 
1.3-CqHg (butadiene) 26.3 66.6 
1-butyne 39.6 69.6 
2-butyne 35.0 68.2 

Cp (cal/mol K) at T (K)= <w>, 
300K 400 500 600 800 1000 1500 2000 cm-1 

8.9 9.7 10.2 10.7 11.5 12.2 13.3 14.1 
10.9 12.4 13.8 15.1 17.2 18.8 21.3 23.2 
17.6 20.1 21.9 23.2 25.1 26.6 29.1 30.5 
17.2 20.1 22.4 24.4 27.2 29.2 32.7 34.4 1000 
17.5 20.2 22.5 24.4 27.4 29.6 33.2 34.7 1040 
15.8 18.8 21.4 23.5 26.9 29.3 33.0 34.4 
17.5 21.2 24.2 26.6 30.3 33.1 37.6 39.7 1080 
18.0 21.5 24.4 26.9 30.7 33.5 37.7 39.5 
18.6 23.3 26.8 29.5 33.6 36.5 41.4 44.1 1140 
18.5 22.9 26.5 29.4 34.0 37.4 42.5 44.6 1160 
19.4 23.3 26.5 29.3 33.5 36.7 42.6 46.2 1450 
18.8 22.4 25.5 28.3 32.7 36.1 41.5 43.9 1530 
19.0 24.3 28.5 31.8 36.9 40.5 46.3 49.9 1190 
19.5 23.9 27.7 30.9 36.1 40.0 47.1 51.7 
18.7 22.7 26.4 29.7 35.2 39.3 45.5 49.2 

Radical additions, - Additions of C2H and C2H3 to acetylene are the routes 
to 1-CqH3 and 1-CqH-j that have been assumed in previous analyses (2-6). One 
reason is that such addition leads only to an end radical on the C4 adduct. Less 
recognized is that the adduct is initially rovibrationally excited (chemically 
activated) by the depth of the potential well where the ground-state adduct is 
located. 
adduct is possible to form H+C4H2 or H+CqHq. Thus, 1-CqH3 and H+C4H2 are not 
different types of C2H+C2H2 reactions but different product channels from the 
same addition. 

Falloff can occur, and chemically activated decomposition of the hot 

Calculation shows that the decomposition channels dominate over the 
simple additions for both these reactions over the range of 900 to 2000 K at 2.67 
kPa CO. Even at 1 atm N2, H+C4H2 is faster than the 1-CqH3 channel by a factor 
of 3 or more. For C2H3+C2H2 at 1 atrn N2, the addition/stabilization channel to 
1-CqH5 is faster than addition/decomposition to H+CqHq up to 1350 K, but the 1- 
C4H5 channel has fallen off to 1% of the high-pressure limit at 2000 K. 

H-atom additions. - Addition of H to C4H2 or C4H4 also can form C4H3 and 
C4H5 radicals. 
different isomers, and some chemically activated decompositions of the adducts 
may occur. 

In this case, the H can add (in principle) to any carbon, giving 

H-addition to the end carbons of C4H2 forms (2-C4H3)*, which can only be 
stabilized if 1.3-H shifts are disallowed. Addition to the internal carbons forms 
1 -C4H3 and C2H+CZHZ in the reverse of the radical addition sequence described 
above. Calculation shows that falloff makes the 2-CqH3 product of H+C4H2 
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negligible, as the rate constants (2.67 kPa, 1500 K) are 2.6.1011, 1.1.1011, and 
1.6.109 cm3mol-1s-1 for 1-CqH3, C2H+C2H2, and 2-CqH3. C2H+C2H2 begins to 
dominate at 1600 K for 2.67 kPa, but l-C4H3 remains dominant even at 2000 K 
at 1 atm. 

The product spectrum from H+C4H4 is more complex because addition to 
each different carbon gives a different adduct. Of the additions forming (1- 
C4H5)* and (2-CqHg)*, C ~ H ~ + C ~ H Z  dominates at 1500 K and 2.67 kPa (2.2.1012), 
followed by 1-CqH-j (7.1011), 2-CqHg (2.5.1011), and H+butatriene (6.1010). 
Addition/stabilization to 1-CqHg is dominant at 1 atm to 1900 K. Here, as for 
radical addition, C4H5 formation is less inhibited by falloff than is C4H3 
formation. 

Radical/radical and H/radical combinations. - Combination reactions have 
not generally been considered as paths to C4 radicals. 
activated decompositions to H+C4Hx are possible from C2H3 combinations with 
C2H, forming (C4H4)*, and with itself, forming (C4Hg)*. Combinations of H with 
C4Hx radicals are also of interest as sinks and as reactive-isomerization reactions 
for the radicals. 

However, chemically 

Formation of 1-CqH3 +H is dominant at 2.67 kPa for both C2H+C2H3 and for 
2-CqH3 +H reactions. 
from 2-CqH3 +H, while C2H+C2H3 forms minor amounts of C4H4 and 2-CqH3 +H. 
From the reaction of 1-C4H3 +H, formation of C4H4 is strongly favored at both 
pressures. 

Thermalized C4H4 is the only other significant product 

In contrast, C Z H ~ + C ~ H ~  leads predominantly to thermalized 1,3-C4H6. The 
2-CqHg +H and 1-C4Hg +H channels are within an order of magnitude of the 
C4Hg channel at 1500 K and 2.67 kPa, but C4H6 formation is even more strongly 
favored at 1 atm. Both CqHg+H channels are similarly dominated by C4H6 
formation. 

Thermal decompositions. - Thermal elimination of H by beta-scission can 
be an important loss mechanism for radicals. 
molecules require more thermal activation and are usually not important in 
flames. 
theory, using the parameters developed for cases above, or from microscopic 
reversibility, using the rate constants developed above. 
elimination of H proved to be the dominant channel for the radicals, while 
formation of H + 1-CqH3 or 1-CqHg was most important for decomposition of the 
molecules. 

Thermal decompositions of 

In both cases, the kinetics may be calculated from unimolecular reaction 

In summary, 

Auulication to flame data. - Only a few reactions prove to be important in 
determining the totals of formation and destruction rates.. The above rate 
constants were combined with measured concentrations and temperature 
profiles to establish the dominant production and destruction channels of 1- 
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C4H3, 2-CqH3, I-CqHg, and 2-CqHg. Rates were calculated as a function of 
position and also were integrated over distance. 

1-CqH3, the apparent precursor of phenyl, is formed two orders of 
magnitude faster than 2-CqH3. This difference would give super-equilibrium 
concentrations of 1-CqH3 because equilibrium levels of 2-CqH3 should exceed 1- 
C4H3. Formation of 1-CqH3 is primarily by H atom reactions with C4H2 
(addition) and with C4H4 (abstraction), while destruction is dominated by loss of 
H to form C4H2. 

One puzzle is that the integrated amount of destruction should be less than 
or equal to the integrated rate of formation. However, the predicted destruction 
is greater by a factor of 20. One possible reason is error in the C4H3 calibration, 
as the destruction rate is proportional to C4H3 concentration, while formation is 
independent of it. 
considered. C Z H ~ + C ~ H ~  was examined using a literature rate constant (19) but 
it was three orders of magnitude too slow to make any difference. 

An alternative is that some formation reaction is not 

1-CqH5 was formed only at 45% of the rate of 2-CqH5, in contrast to the 
For both isomers, hydrogen abstraction by H was,the principal C4H3 isomers. 

source, with H+C4H4 (addition) and thermal decomposition of I ,3-C4Hg making 
up 1/10 to 1/3 of the total rate. 
only very early in the flame. This mix is illustrated in Figure 1. Total 
destruction was higher then formation for CqHg's by a factor of ten. Again, 
either calibration error or a missing source reaction are suggested as reasons for 
this difference. 

Simple addition to form 1-CqHg was important 

. 

CONCLUSIONS 

Formation of 1-CqH3 and 1-CqH5 radicals is dominated by H-abstraction 
and H-addition. 
and C2H3 to C2H2 were responsible. 
excessive destruction that is predicted, but calibration error may be the cause. 
Detailed experimental data, combined with careful, comprehensive theoretical 
predictions of rate constants, account for this new understanding. 

In contrast, previous workers had assumed that addition of C2H 
This conclusion is qualified by the 

This study is continuing, further examining the rate constants and using 
them in predictive flame mechanisms. 
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Figure 1 .  
concentrations and predicted rate constants for C2H3+C2H2 (a), H+CqHq (+). 
1,3-CqHg decomposition to), 1,3-CqHg + H (X), and total (V). 

Predicted rates for reactions leading to I-CqHg, using measured 
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Abstract 

Small aromatic species are undoubt,edly important precur- 
sor molecules in the formation of polycyclic aromatic hydro- 
carbons and soot, two important pollutants in diesel, direct- 
injection stratified charge (DISC), and ot.her heterogeneous- 
combustion engines. Unforbunately, the chemical route to their 
formation is poorly understood, in part because rate constants 
for reactions of aromatic species at flame temperatures are 
largely unknown. In this work we used a quartz sampling probe 
to measure the concenmation profiles of the single-ring aromat- 
ics benzene, phenylacetylene. and styrene in a heavily sooting 
premixed ethylene flame. .\ detailed chemical kinetics model 
was then constructed for the purpose of explaining the flame 
chemistry. The iiiodel. whirh uses estimated rate constants for 
many of the reactions involving aromatic species, gives good 
predictions for benzene and styrene and fair predictions for 
phenylacetylene. A sensitivity analysis has isolated a partic- 
ular chemical reaction which controls their rate of formation, 
and it shows that even large errors in the other aromatic rate 
constants have relatively little effect on the predictions. Our 
approach will be applied in the future to trying to understand 
the formation of larger aromatic species and soot. 
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Introduction 

Over the years there has been a considerable effort t,owards improving our under- 
standing of t,he detailed chemist.ry in hydrocarbon Much of the work has 
concentrated on lean and stoichiometric flame environments. but understanding the pro- 
cesses t,hat take place in rich systems is of great, import,ance since many practical flames are 
diffusion flames. Unfortunately. rich combustion is a very difficult area for flame modeling 
because of the involvement of large hydrocarbon molecules and soot, species whose chem- 
istry and thermodynamics are poorly known. In contrast. lean and near-stoichiometric 
flames involve a smaller number of species, nearly all of which are eventually converted to 
CO2 and HzO. 

However, as knowledge of the kinetics and thermodynamics of hydrocarbons has in- 
creased. a growing number of studies have considered rich flame environments. These 
include. for example, t,he experiments of Homann and Wagner4. Howard and co-workers’, 
Bockhorn6, and Taylor‘. In addition, detailed models have recently been constructed 
specifically t o  deal with rich In most of these cases. however. studies have 
been 1imit.ed to non-sooting or lightly sooting flames because the presence of soot can 
make measurements difficult and because models have tended to avoid syst,ems where 
pyrolysis chemistry and soot formation played major roles. 

In recent work” we measured mole fract,ion profiles of a number of stable and radical 
species in a heavily sooting ethylene flame, and, building on previous ~ o r k ~ , ~ , ’ ~ ,  we de- 
veloped a model which predicted the profiles of many of the measured species with good 
accuracy. It would be very valuable to develop a reliable ethylene combustion model be- 
cause many fuels such as octane are converted largely to ethylene on their way to being 
oxidized]. Thus: an ethylene oxidation mechanism is an important component for models 
of more realistic fuels. 

Gnfortunately, our model severely underestimated the benzene mole fraction, and no 
other aromatic species was modeled. Since the goal of this research program is to under- 
stand t,he chemistry of soot formation: and since aroinatic species undoubtedly play an  
important role in that, process, our inability to  model the chemistry of even the simplest 
aromatics was an important stumbling bloik. In this paper we describe modifications to  
our model which allow t,he successful prediction of the profiles of benzene, styrene, and, t o  
a lesser extent,, phenylacetylene. It is our hope that if the chemistry of large aromatics is 
similar to t,hat of smaller aromatics: then semi-quantitative predictions of soot formation 
kinetics in well-studied systems such as premixed flat flamesI3 may be attainable in the 
foreseeable future. 

Expe r imen t  and Model 

The experimental conditions employed in this work have been described previously”. 
Briefly, a flat premixed C2H4/O2/.4r flame with C/O ratio of 0.92 (4 = 2.76) was stabilized 
on a water-cooled porous plug burner surrounded by a shroud of nitrogen. The Ar : 0 2  

mole ratio was 79 : 21. A quartz microprobe withdrew gases from the flame. No measure- 
ments could be taken beyond about 3.3 mm above the top of the burner because soot would 
clog the probe. Species mole fractions. Xz, were measured with a mass spectrometer and 
iignal averaged on a computer. The complete species profiles were measured a number of 
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tinies. The resulting statist,ical uncertainties at  th r  90‘7 confidence level (estimated from 
a Student’s f distribution) were about *lo’% for benzene. For styrene and phenylacetylene 
the uncert,ainty was about &25% near t,heir peaks and l.50‘; in the pre-flame zone where 
their concentrations were very low. There was also a potential systematic error of as much 
as 50%) for styrene and phenylacetylene because of uncertainty in the mass spectrometer 
calibration. The pressure drop across the microprobe orifice was maintained at  between 
50:l and 1OO:l  in order that  the stable species chemistry would be adequately quenched. 
Tests and analysis on several species indicated that the quench was successful”. We es- 
timated that the profiles were shifted by approximately 2.5 probe orifice diameters (0.4 
mm) from their true location”. The figures in this paper have incorporated this shift. 
Temperatures were determined from measurements with both 3 mil and 5 mil diameter 
silica-coated, radiation-corrected Pt/Pt-Rh thermocouples. For measurements made in 
t.he sooting zone. thermocouple readings were difficult to take because the temperature 
dropped as soon as the thermocouple became coated wit,h soot. Therefore, measurements 
were taken continuously with a computer as the flame was ignited. In this way the rise 
and fall in the thermocouple readings were recorded. We took the highest measured tem- 
perature as the true flame temperature. making sure that our results were unaffected by 
the rate at  which the computer took the measurements. The two different thermocouples 
gave identical temperature profiles. The temperature peaked at  3.1 mm above the top of 
the burner at  about 1640 K. 

Concentration profiles were modeled using the Sandia burner codeI4 together with a 
mechanism that we developed for the flame. A number of reactions involving butane, butyl 
radical, 2-butene, propane, acetaldehyde, and acetaldehyde radical were considered, but 
they did not contribute to  the profiles that  we measured under our conditions. Therefore 
those species were eliminated. A partial mechanism is given in Table 1. (The complete 
mechanism is available from the authors.) For ease of comparison with previous work 
of Frenklach et ul.10,15, we have used the shorthand nomenclature that they suggested 
for aromatic species. In this system A,(R,) refers to a species with n. fused aromatic 
rings (fused to  an m-membered non-aromatic ring). Radicals are indicated by a &*’’ or a 

. Table 2 shows structures for some of the species which appear in the mechanism. A 
complete table is given in Frenklach et a1.’5. 

Most of the thermodynamics for small species comes from th: Chemkin data baseI6, 
supplement,ed where necessary by other standard sources1i. Vv’r assumed’’,’8” a 70.5 kcal 
heat of formation for the vinyl radical (CzH3)  and a 109 kcal heat of format,ion for C4H218b. 
For all the aromatic species we used the thermodynamics of Stein and FahrIg. (This set of 
da ta  was called S6”.”*.) In addition we used Stein and Fahr’s thermodynamics for three 
aliphatic radicals which are closely related in our model to aromatic species, namely n- 
C4H3 (AH? = 13.1 kcal/mole); C ~ H S  (AHYO = 190 kcal/mole). and CsHS ( A H T  = 138 
kcal/mole) . 

Information on the high t,emperature kinet.ics of most aron1at.i~ species, especially those 
larger than benzene. tends t o  be eit,her too sparse or too tentative for us simply to use 
literature values for rate constants. In order to make progress we followed the approach 
of Frenklach, Clary, Gardiner, and Stein” (FCGS). These workers considered a very large 
number of elementary reactions for aromatic formation and growth. The react,ions were 
grouped int.0 classes, and all reactions of a given class were assigned t,he same rate constant. 

.‘- %> 
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For example, based on the measurement b y  Madronich and Feldc,r21 for the rate of reaction 
between O H  and benzene, all reactions involving O H abstract ion of an aroniat,ic hydrogen 
were assigned the rate constant, kTO2 = 2.1 x 10’4~ 4600’RT. For other reaction classes rate 
constants were not available, and upper limit (nearly gas kinetic) values were assigned to  
their rate constant,s. In t.his way, they were able to identify the major reaction pathways 
as well as pathways which were not import.ant. 

However, use of upper limit values for rat.e constants entails certain disadvantages. 
First, because they are in general too large, this approach cannot be expected to yield 
results that are in quantitative agreement with experiment. Second, the usefulness of 
sensitivity coefficients cannot be expected to be great if the estimat,ed rate constants are 
incorrect by very large factors. (However, FCGSZ0 identified some pathways to aromatic 
formation whose relative importance is very small for almost, any reasonable choice of rate 
constants.) Finally, if the rate constants are chosen to be sufficiently high the sensitiv- 
ity coefficients may be smaller than they otherwise would be (.is I;  -+ 00 its associated 
sensitivity coefficients will in general approach O. ) ,  and the analysis may conclude that 
thermodynamics is relatively more important compared to kinetics than it actually is. 

In our work we addressed these issues by using experimentally derived rate constants 
which have recently become available and by testring the effects of some very large changes 
in the rate constants (see Discussion section). The rate constants for aromatic species were 
derived as follows: 
1. Mallard et dZ2 measured the ratc for reaction of the phenyl radical with acetylene 

(L-15) and ethylene (CJ18). We used the same rate constants for U16, U17, U19, U20, 
and G10, which are similar. 

2. Kiefer et al.23 obtained the rate constant for abstraction of a benzene hydrogen by H 
(T03) from a model of his shock tube experiments. This rate constant extrapolates 
at  800 K to a value fairly close to that  suggested by Nicovich and RavishankaraZ4. 
We used the same value for U02, G02, and G11. We assumed that abstraction of an 
aromat,ic hydrogen by C2H and C2H3 is five times slower (G04: G05. G08. G09, U0.1: 
VO5. r09, and C-10). 

3.  ColketZ5 used his shock t,ube results to  obtain t,he rate constant for the displacement of 
a benzene hydrogen by C2H (U11). We used the same value for displacement by vinyl 
(C’12). The value for k ~ ~ 6 ,  the rate const,ant for ring formation, is taken from FW”: 
which at our temperatures is nearly identical to  the value estimated by ColketZ5. kuzl 
and k c 1 2  were given the same value. 

4. Hsu et  measured the rate constant for decomposition of benzene to  phenyl and 
H (TO1). W e  used this value for L‘O1. 1:06, G01, and G06. 

5. Cole e t  al.5b estimat.ed the rate of formation of benzene from C4H5 and C2H2 in their 
low pressure butadiene flame. We used their value for kro;.  

6. The rate const.ant for U13 was given an upper limit value taken from Frenklach and 
\Varnatzlo; the same rate constant was used for LT14. 

7. kroc and kUZ2 are evaluated below. 

Reac t ion  Path and Sensit ivity Analysis 

Principal reaction paths for species up  to the C4’s have been presented previously”. 
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Graphs of the  concentration profiles of niany of those species were also presented". Here 
we discuss profiles and reaction paths for the single-ring aromatic species that we measured. 

Beiazene (Al) 

The calculated rate of benzene formation peaks between 1.6 and 2.2 mm (from 1450 - 
1600 K ) ,  compared to peak formation rates of the C3 and C4 species between 1 and 1.6 mm. 
.4 single reaction path dominates at  1.8 mm, TO8 followed by TO6 and -2'01 or -2'03. 
The importance of TO8 was emphasized originally by Bockhorn e t  aL6 and FCGS". In the 
pre-reaction zone TO7 dominates, reflecting the higher concentration of C4 H5 compared 
to n- C4H3 in the lower t,emperature environment found there (Figure 1). FW also found 
that ring formation was dominated by TO7 in the pre-flame zone. We did not include 
any oxidation reactions which destroyed the aromatic ring since we have no evidence that 
such reactions are important in our flame and since t.he det,ailed kinetics of the species 
involved2' would be entirely speculative. 

A sensitivity analysis shows that the calculated benzene concentrat,ion in the region 
of its peak formation rate depends most strongly (sensitivity coefficient 5 > 0.5) 
on only three rate constants, kp01: k ~ o ~ ,  and k ~ 0 8 :  other raw constants to which the 
benzene concentration is sensitive include k ~ 0 2 .  ~ H O Z .  ~ A O S ?  k V 0 4 ,  kvll .  and ~ F I I .  ~ T O I  
and kTO6, with sensitivity coefficients between 0.05 and 0.06 are the only rate constants 
involving an aromat,ic ring with a sensitivity coefficient greater than 0.05. In the pre- 
Aamc region the above rate constants again have the highest sensitivities. Thus, among all 
the rate constants involving aromatic formation, many of whose values had t o  be guessed 
or extrapolated, only k ~ 0 8  is critical. (This same conclusion was reached by FCGSZo in 
their very extensive search for reaction paths leading to the formation of aromatic rings.) 
The calculated concentration is also sensitive to  the thermodynamic values assumed for 
n- C4H3, a 5 kcal/mole increase in its heat of formation leading to a 3-fold reduction 
in the  benzene concentration. A similar change in the assumed heat of formation of the 
aliphatic radical C6H5 has only a 10% effect. Assuming, then, that our pathway to  form 
benzene is correct. that  oxidation reactions which destroy the ring can be ignored, and 
tha t  the thermodynamics is correct, we can estimate k ~ o s  by comparing predicted and 
measured benzene concentrations. We chose k ~ 0 8  = kuz2 = 1.5 x 10l2 cm'/molecule-sec, 
which is nearly identical to  the value found" to reproduce best the data of Bockhorn et 

(However: considering the differences between our mechanism and the one used in 
Ref. 10 as well as the differences in the pressure of the flames modeled, the significance of 
this agreement is not immediately clear.) With this choice, the rate of TO6 at 1.8 mm is 
50% faster than -2'06, 2.5 times faster than 2'08, and about 10 times faster than -2'08. 
Later in the flame, beyond 2.6 mm (1630-1640 K),  the experiment s h o w  that net benzene 
formation nearly comes t o  a halt. According to  the model. in this region benzene is still 
being formed by -T01, but now it is being destroyed by TO3 at, about the same rate. 
Furthermore, TO6 and TO8 briefly run in the reverse (decomposition) directions, with the 
rate of -TO6 being 0.6% faster than TO6 and -2'08 being 3.6% faster than 2'08. With 
such a fine balance, it is not surprising that the net directions in whirh T06, and TO8 run 
are very sensitive to temperature. For example, our calculations show that if the peak 
temperature is assumed t o  be 1600 K,  40 Ii less than the measured value, these reactions 
always run in the direction of forming benzene. 
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A comparison between the experiment and the ~ ~ i o d e l  is shown in Figure 2. Adjustment 
of kroR insures agreement at  3 nun: but we n0t.e that th r  iriodel also reproduces fairly well 
the shape of the rise through the fla.me zone as well a s  t,he sharp leveling out in the profile 
beyond 2.5 mm. 

Phenylacetylene ( A , C z H )  and Styrene ( A l C z H 3 )  

The predicted phenylacetylene profile (solid curve in Figure 3) differs by a factor of 
up to 6 from the experimentally measured profile. This discrepancy is more than a factor 
of two worse than for the C3 and C 4  species from which phenylacetylene is ultimately 
formed, and it, is much greater than the uncertainty in the measurements. Because all of 
the aromatic species showed similar first-order sensitivity coefficients to most of the same 
rate constants, no adjustment of a single rate constant to  improve the agreement with 
phenylacetylene seemed possible without seriously degrading the agreement between the 
model and experiment for the other aromatic species. It is likely t.hat the discrepancy is 
due to a combination of errors in more t,han one rat,e constant, requiring second- or higher- 
order sensitivit,y coefficients to  identify them. or to errors in the precursor thermodynamics. 
However, we c.onsidered two alternate explanations for the discrepancy. First, we may not 
have identified the major pathway forming phenylacetylene. For example: ColketZ5 has 
suggested an overall irreversible pathway t,o phenylacetylene. 

C4H4 + C4H5 - .41C'zHz + H .  

A 1 C ~ H 3  + H i A I C z H  + H2 + H 

k, = 7.9 x 10'3e-3000/RT (4 
(b) kb = 4.0 x 10'4e-7000/RT. 

Addition of these reactions increased the calculat.ed phenylacetylene concentration by less 
than IO%, while reducing the styrene concentration by nearly an order of magnitude. 
Such a reduction would seriously degrade the agreement between measured and calculated 
styrene profiles (see below). (On the other hand, adding a detailed route from styrene to 
phenylacetylene analogous to the route from ethylene to acetylene-essentially a det,ailed 
version of Equat,ion (b)-had hardly any effect on any of the aromat.ic profiles.) Inclusion 
of other possible routes to phenylacetylene, 

C4H4 + C4H3 = A l C z H  -I- H 

or 
C4H2 + C4H5 = A l C z H  -I- H 

with k = 1.0 x 10lz had little or no effect. Increasing kuzz by a factor of 5 had no 
effert on the phenylacetylene profile. We found no new rea.ction pathway which gave a 
subst,antial increase in the phenylacetylene concentration. .4 second possible explanation 
for t.he discrepancy between the model and t.he experiment could be uncertainty in the 
thermodynamics of phenylacetylene. To test for this possibility we lowered it,s assumed 
heat of formation at  300 K from 75 to  71 kcal/mole. The result. shown by t.he dashed 
line in Figure 3, is improved overall agreement, although the calculated and experimental 
profile shapes are still somewhat different. (The saiiie effect could be obtained by changing 
the assumed entropy or the assumed heat capacity at high temperature.) -4mong other 
species. only the benzene and styrene concentratioiis were affected by this change, being 
reduced by about 10%. 
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The peak formation rate for phenylacetylene occurs in the same region as for benzene. 
Most of the phenylacetylene comes from the direct reaction between phenyl and acetylene 
(r.15): a smaller but still substantial amount. comes from 1-22  followed by C'21 and -UO9. 
The sensitivity coefficients for phenylacetylene are similar to those for benzene, although 
sensitivities to k ~ ~ ~ ,  k ~ 0 8 :  kFll~ k ~ 0 2 ,  and k.408 are somewhat higher, reflecting among 
other factors a particular sensitivity to the acetylene concentration (which is modeled very 
well). There is also some sensitivity-about 0.1-to k v l 5 .  (But increasing kul5 to 1 . 0 ~  l O I 3  
increases the phenylacetylene concentration by only about lo%.) 

The calculated net styrene formation rate peaks between 1.4-1.7 mm (1300 - 1500 K),  
somewhat earlier than the other aromatics. This is because the principal reaction forming 
styrene, U18, involves C z H 4 .  whose concentration is falling rapidly with height. -U12 is 
the major destruction reaction there. By 2.25 mm the rate of -U12 exceeds U18 by a 
factor of 3,  causing the stryene mole fraction to fall. Sensitivity coefficients for styrene are 
very similar to those for phenylacetylene, except for a much lower sensitivity t o  ku15 and 
some sensitivity to kulz  and ku18. 

A comparison between calculated and measured styrene mole fractions is shown in 
Figure 4 .  The agreement in shape and magnitude is good, although the calculated profile 
peaks earlier than the experimental one. It is interesting that the experiment showed 
benzene and phenylacetylene climbing rapidly through the reaction zone and then leveling 
off, while the styrene concentration peaks and falls. The model reproduces the proper 
qualitative behavior for all three species. The conrent.ration of styrene falls in part heca.use 
the mole fractions of ethylene and vinyl drop st.eeply through the post-flame region (e.g., 
see Figure I), increasing the  net rate of -U12 and decreasing t,he net rate of U18. T h e  
most important reactions forming phenylacetylene (C'15) and benzene (T08) run mainly 
in the forward direction throughout the flame, in part because the acetylene mole fraction 
does not change substantially in the post-flame region. 

.Vaphthalene (.q2) and Acenaphthalene (.4zR5) 

Akhough we have no  measurements for species larger than styrene. we continued the  
mechanism up to  acenaphthalene in order that profiles of the species t.hat we measured 
not become artifirially high due to a lack of exit channelszs. 

The path t o  larger aromat.ics funnels through phenylacetylene. Attack by H (UO2)  (or 
OH (Lr03)) gives phenylacetylene radical: which almost irreversibly adds acetylene (G13) 
and closes to form the naphthalene radical A i X  (G12). This species can give naphthalene 
(-GO6 or -G11) or react with acetylene (G10) to  give acenaphthalene. 

Our analysis shows tha t  t,he sensitivity spectra of naphthalene and acenaphthalene a re  
very similar to that. of phenylacetylene. In addition both are very sensitive to U02 and 
somewhat sensitive t,o G13, while acenaphthalene is also quit.e sensitive to G10. 

Discussion 

Comparison with Other Systems 

Frenklach and W'arnatz'' have very recently made the first detailed flame calculations 
to  model the profiles of aromatic species in a flame. The flame modeled was a sooting 
(d = 2.75) 90 torr premixed acetylene flame studied by Bockhorn et aL6. Although they 
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obt.ained a certain qualitative agreement with Bockhorn‘s data. the calculated profiles of 
the aromatics declined precipitously in the post-flame gases. while the measured profiles 
dropped rather more slowly. The principal reason for this discrepancy” comes from an 
apparent overedmate  of the fragmentation ratc of aromatic radicals via the reverse of 
reactions such as 2’06. It is possible that t,his overestimate is due to errors in the  thermo- 
dynamic parameters, since those parameters determine the reverse reaction rat,es. 

With the  chosen value for kT08, the measurements and calculations for benzene and 
styrene in our flame are in good agreement., both in the profile shapes and in their ab- 
solute values. The fact that the experimentally measured benzene and phenylacetylene 
concentrations do not decline in the post-flame region of our flame as they do in Bock- 
horn’s flame can readily be explained by by the fact that  Bockhorn’s flame is about, 400 K 
hotter than ours. Graham e t  interpreted the fall in the soot yield in their shock tube 
experiments for temperatures above 1800 K by postulating that at high temperatures the 
aromatic ring fragments more rapidly than it grows. Other data showing this “bell” have 
been explained in a similar way30, and the aromatics in premixed flames may be subject 
bo the same processes. 

FCGS” have suggested that the driving force behind formation of larger aromatic 
species and soot is the superequilibrium of H atoms. They proposed R/K,, as a measure of 
this superequilibrium, where R = [H]’/[H,] and where K,, = [ H e q ] ’ / [ H 2 ] .  They attributed 
the decline in the format,ion and growt,h rat,e of aromatics at  long t,ime to t,he decay of 
RIK,,. Lye have plotted this ratio in  Figure 2. The precipitous decline in R/K,, t.0 values 
below about 100 coincides very roughly with t,he slowdown in the formation of the  benzene 
profile. However, our kinetic analysis and that, of FW’O suggest that it is the increase in 
temperature through the reaction zone-leading to higher ring fragmentation rates-which 
is actually responsible for the cessation of net benzene and phenylacetylene formation. 
From this point of view, the fall in RIK, ,  is simply a reflection of the fact that the 
temperature is rising in a region of constant or falling H-atom mole fraction. Furthermore, 
our model predicts that net benzene and phenylacetylene formation accelerates later in 
the flame where t,he temperature is lower, even though R/K, ,  ultimately drops to about 
2 .  (This secondary rise in net aromatic formation has previously been rnodeledI0 and 
observed experimentally3’ .) The fact. that  net benzene and phenylaretylene formation is 
greater when RIK,, < 10 than when RIK,, - 100 suggests that the value of this ratio is 
not of fundament.al significance in aromatic formation. 

Robustness o/ the  Model 

The model that we have presented relies in many cases on analogies and estimates for 
rate constants of aromatic species because few of these rate constants are known. When 
they are measured the new values can replace those used here. Similarly, our knowledge 
of thermodynamic properties of large aromatic species can be expected to  improve. The 
usefulness of this modeling effort. then, depends on the robustness of the calculations 
t.0 potentially large changes in the values of the rate constants and to  some changes in 
the thermodynamics. FW” hare  shown t.he effects of changing certain thermodynamic 
assumptions, and we have reported above some effects on the calculated phenylacetylene 
profile. The effects are significant but not drast.ic for t.he species modeled here; additional 
efforts to measure or calculate thermodynamic properties. particularly for larger species, 
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would he wry  valuable in order to better understand hydrorarbon growth in flames 
The situation may be somewhat more proniising with regard to uncertaint,y in the 

rate constants. The analyses done by FC(;S". F\\''O. and ourselves show remarkably 
small values for most of t.he sensitivity coefficicnts. However: as w e  pointed out above. 
the model could still be  quite sensitive to very large changes in the the rate constants. In 
order t.o eyaluate this possibility. we ran our flame code using the aromatic mechanism and 
rate constants of FiV, only adding analogous reactions for styrene. which did not appear in 
their mechanism, and using our value for kTO8. This involved many significant changes. For 
example, FiV's value for kTO3 is about. two orders of magnitude greater than that, of Kiefer 
et  a/.23 The profiles for the single-ring compounds changed by less than 50% compared to 
those obt,ained using t.he mechanism in the Table 1 .  supporting our conclusion that kTos is 
the only critical unknown rate constant. (However, the predicted concentrations of 2-ring 
compounds changed substantially, reflecting their Sensitivity t,o C02.) 

.4s a second test of the robustness of our mechanism we asked whether our niodel is 
consistent with benzene decomposition measurements made by Kiefer et  According 
t,o this proposed mechanism, benzene decomposition at 1 atmosphere follows the route: 

.4i + H = .I, i H z  

.4; = C4H3 + C2H2 

kd = 2.5  x 10'4e-'6000/RT 

k, = 1.6 x 10'5e-R2000/RT 

(4 
( e ) .  

Our mechanism already includes ( d ) ;  we replaced TO1 and T06/T08 with ( e )  and ( e ) .  The 
result is a reduction in the calcula.ted aromatic concentration by 40-452:. with little effect 
on the qualitative shapes of t,he profiles. Since we have not used the same thermodynaniic 
assumptions as Kiefer, use of his rate c0nst.ant.s in our syst.em is not really warraiit,ed. 
(The reactions are running in the reverse direction.) However. taken together with the 
fact t,hat, Kiefer's results were not. highly sensitive to k, ,  the modest effect of the rhange 
in rate constants suggests that the mechanism of Table 1 is in reasonable agreement with 
the shock tube results of Kiefer et al. 

Coiiclusioris 

We believe that we have made progress in modeling the pyrolysis processes in our 
flame up t,o and including the formation of single-ring aromatic species. even though there 
is great uncertainty in many of the rat,e constants. Our senskivity analysis shows that the  
liasis for this success is that there is a single crucial unmeasured rate constant, k ~ ~ 8 ,  which 
l~rge ly  controls t.he combined single-ring aromatic species concentrations. Our results are 
in accord with those of FCGS and FW,  even though we used experimentally derived ra te  
constants which were not available to them. The robustness of our model to future changes 
in most of the rate const,ants used in the aromatic part of our model appears to be high. 

We hope in the fiit.ure to continue our measure~nents and rnodeling work to species 
with more than one aromatic ring. If we are successfd in modeling growth from one to two 
rings. we can have some hope for modeling much larger species if adequate thermodynamics 
are available. 
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The ability to model soot formation in a flame. however, requires overcoming several 
additional hurdles. First, the number of species becomes too large to handle wlth a code 
such as that used here. As an  alternative we could model the growth to larger<?pecies by 
ignoring diffusion in the post-flame gases and using a much faster code which assumes a 
homogeneous environment. The burner code, then. would provide estimates for the con- 
centrations of small radicals and hydrocarbons which could be crucial for the hydrocarbon 
growth. Second, in order to calculate soot particle inception, additional processes such as 
coagulation and surface growth would have to be included. Recent suggests that 
these processes can be considered without significant additional demands on computer 
resources. 
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REACTIONS 
.-___ 

-402) C2H3 = CzHz + H 
A08) C2H2 + O H  = C H z C O +  H 
F01) C2H3 + 0 2  = H C O  + CHzO 
F11) H C O  + 0 2  = C O  + HO2 
H02) H2 + 0 = H + O H  
H03) H + 0 2  = 0 + O H  
VO4] C 4  H4 + H = C4 H3 + H2 
V11) CzH2 + C2Hz = C4H3 + H 

6.6E+19 -2.794 
1.OE+14 0.0 
4.OE+12 0.0 
5.OESll  0.5 
1.5E+07 2.0 
1.2E+17 -.go7 
7.93+13 0.0 
2.OE+12 0.0 

5.OE+l5 0.0 
2.1E+13 0.0 
2.53+14 0.0 
5.OE+13 0.0 
5.OE+13 0.0 

3.2E+ll  0.0 
1.5E+12 0.0 

5.OE+15 0.0 
2.53+14 0.0 

5.OE+13 0.0 
5.OE+13 0.0 
5.OE+15 0.0 
2.5E+14 0.0 
2.1E+13 0.0 
5.OE+13 0.0 
5.OEt13 0.0 
1.OE+12 0.0 
1.OE+12 0.0 
1.OE+13 0.0 
1.OE+13 0.0 
3.2E+ll  0.0 
3.2E+ll  0.0 
3.2E+ll  0.0 
3.2E+ll  0.0 
3.2E+ll  0.0 
3.2E+ll  0.0 
l.OE+lO 0.0 
1.5E+12 0.0 

5.OE+l5 0.0 
2.53+14 0.0 
2.1E+13 0.0 

l.OE+iO 0.0 

2 . 1 ~ + 1 3  0.n 

36130.0 
11500.0 

835.0 
7550.0 
16620.0 
14500.0 
4 5900 .O 

108600.0 
4600.0 
16000.0 
16000.0 
16000.0 

0.0 
3700.0 

0.0 

108600.0 
16000 .O 
4600.0 
16000.0 
16000.0 

108600.0 
16000.0 
4600.0 
16000.0 
16000.0 

0.0 
0.0 
0.0 
0.0 

1350.0 
1350.0 
1350.0 
1900.0 , 

1900.0 
1900.0 
0 .o 
0.0 

108600.0 
16000.0 
4600.0 

-250.0 

500 



GO4) A2R5 + C2H = A2R; + CzH2 5,OE+13 0.0 16000.0 
G05) A2R5 + C2H3 = A2R; + C2H4 5.OE+13 0.0 16000. 
G06) A2 = A ; X  + H 5.OE+15 0.0 108600.0 
G07) A2 + OH = A i X  + H2O 2 . 1 E t 1 3  0.0 4600.0 
G08) A2 + C2 H3 = A2 X + Cz H4 5.OE+13 0.0 16000.0 
G09) A2 + C2H = A l X  + CzHz 5.OE+13 0.0 16000.0 
GlO) A i X  + CzHz = AzR5 + H 3 . 2 E + l l  0.0 ' 1350.0 
G11) A2 + H = ATX + H2 2.5E+14 0.0 16000.0 
G12) AIC2HCzHz = A ; X  l.OE+lO 0.0 0.0 
G13) AIC2H' + CzHz = AlCzHCzHz 1.OE+13 0.0 0.0 

Units are cm3, moles, seconds, calories 

I 
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Captions 

1 .  Calculated mole fraction profiles for three radiral species. 
2. Left axis, benzene mole fraction. Symbols are experimental measurements, the curve 

is the model calculation. Right axis, calcula.ted superequilibrium of H .  
3. Phenylacetylene mole fraction. Symbols are experimental measurements, the solid 

curve is the mbdel calculation, the dashed curve is the model calculation when the 
assumed heat of formation of phenylaretplene is lowered by 4 kcal/mole. 

4. Styrene mole fraction. Symbols are experimental measurements, the solid curve is the 
model calculation. 

Structure 
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SOOT FORMATION IN HYDROCARBON DIFFUSION FLAMES 
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INTRODUCTION: 

The chemistry of the combustion of simple hydrocarbons to form carbon 
dioxide and water has been extensively studied and is generally well 
established [I-]. Our level of understanding of the chemistry which leads to 
the formation of polynuclear aromatic hydrocarbons (PAH) and soot particles is 
less fully developed. Numerous modelling efforts have been applied to the 
analysis of concentration data collected in shock tubes and premixed ,flames 
[2-61. Although there are many proposed routes involving specific hydrocarbon 
free radicals, these models do share some common features. Fuel molecules are 
converted to relatively high concentrations of acetylene. Two- carbon atom 
free radicals formed during this pyrolysis process, o r  by hydrogen atom 
reactions with acetylene, can react with acetylene to form four carbon atom 
species. 

c 
Rla) H- + C,H, C,H. + H, 
Rlb) H. + C,H, + C,H, 

+ 
R2a) C,H. + C,H, 
R2b) C,H. + C,H, ++C,H,* -++C,H, 
R2c) C,H,- + C,H, -+ C,H,* -t C,H, + He 

C,H,. t C,H, + H- 
+ H* 

Four-carbon atom species can react with either acetylene or two-carbon 
atom radicals to form six-carbon atom radicals, which may cyclize into 
aromatic structures. Finally, the cyclic radicals can lose or add hydrogen to 
form stable aromatic hydrocarbons such as benzene. For example: 

R3) C,H, + C,H,. n-C,H,- 2 cyclic-C,H,. C,H, + H. 

Analogous growth processes lead to the formation of larger ring structures 
and finally soot particles. The aromatic structures are believed to act as 
"islands of stability" along the reaction pathway [ 6 ] ,  in effect providing a 
measure of irreversibility to the process. Because the thermodynamic- 
stability of the aromatic structures increases with size, these subsequent 
ring formation steps occur more rapidly than the earlier ones. Our emphasis, 
therefore, has been on the chemical formation route for the first aromatic 
ring with the goal of verifying specific mechanisms for this process. A model 
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must not only account for observed concentrations of intermediate hydrocarbons 
but also for their net rate of-production as a function of flame position. 

In our laboratory, specific attention has been given to identifying the 
important chemistry leading to the formation of the key precursor molecules to 
soot particle formation in diffusion flames. To achieve this goal 
measurements of the important intermediate gas phase species, temperature, and 
velocity fields have been required. The results of these studies provide a 
comprehensive data base with which to examine the phenomenon of soot particle 
inception in flames. In this paper, a review of some of the results of these 
studies will be given along with a discussion of areas of future interest. 

Experimental Approach 

A study of the structure of laminar diffusion flames has been undertaken 
in which spatially detailed measurements of the gas phase species, velocity, 
and temperature fields have been obtained. The majority of the work has been 
carried out for flames burning methane in air, although some preliminary work 
has been done for ethylene/air diffusion flames. Only the methane flame 
results will be described in this paper. The design of the burner has been 
described elsewhere in detail and will only briefly be summarized here [ 7 ] .  
The fuel flowed through a central slot located between two air slots. The 
resulting flame sheets are symmetric about the plane through the center of the 
burner (see Figure 1). The burner assembly was mounted on a two-dimensional 
computer-controlled, micrometer stage so that movement laterally, through the 
flame sheets, and vertically was possible. Lateral profiles of temperature, 
velocity, and species concentrations were collected at relatively high spatial 
resolution (0.2 nun) at a series of heights (consecutive profiles were taken 
every 2 nun) 

.L 
Flame 
7.mes- 

J 

J 

I FIGURE 1 

Species concentrations were determined by a direct sampling quartz 
microprobe system with mass spectrometric analysis. A probe following the 
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design of Fristrom and Westenberg [8] was inserted into the flame parallel to 
the fuel/air flow separators. Mass spectrometer signals were calibrated 
against room temperature mixtures, and the resulting calibration factors were 
corrected for the temperature dependence of the molecular flow through the 
sampling probe orifice. In a related series of experiments, molecular iodine 
from a side arm on the probe was mixed with the flame gas sample just inside 
the orifice [9]. Iodine reacts quantitatively with methyl radicals to form 
methyl iodide, which could survive the remainder of the sampling train and be 
detected mass spectrometrically. 

Result s 

Figure 2 illustrates the temperature and velocity fields for the 
methane/air flame supported on the Wolfhard/Parker slot burner. Shown in 
solid lines are isothermal contours determined from thermocouple profiles'. 
Also shown are streamlines of convective velocity calculated from the two 
measured velocity components. The streamlines exhibit trajectories which 
begin in the lean region of the flame, cross the high temperature reaction 
zones, and continue into the fuel-rich regions. 

2 0 , , . . ,  l , , , , l , , , , l , , . , /  

FIGURE 2 

Figure 3 shows mass-spectrometric profiles of the concentrations of a 
variety of stable flame species at a height of 9 mm above the burner. A 
number of points are noteworthy in comparing Figures 2 and 3 .  First, the 
Concentrations of oxygen and methane approach zero near the high temperature 
reaction zone at ? 6 mm from the burner centerline, where the concentration of 
water is a maximum. Second, the high concentration of nitrogen near the 
burner centerline reveals that significant entrainment of air (as shown by the 
velocity measurements in Fig. 1) and diffusion of nitrogen toward the burner 
centerline occur. 
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LATERAL POSITION, rnm 

FIGURE 3 

FIGURE 4 

Figure 4 i l l u s t r a t e s  prof i les  co l lected  a t  9 mm above the burner surface 
for  several intermediate hydrocarbons: acetylene, benzene, diacetylene, and 
butadiene. Peak concentrations a t  th i s  height for  these spec ies  are 6 2 0 0 ,  
800, 570, and 110 parts per mi l l ion ,  respect ive ly .  Prof i les  fo r  a large  
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number of additional intermediate hydrocarbons were obtained, and all have 
concentration maxima in the same region of the flame. 

In addition to the probe studies described above, we have also applied 
optical diagnostic techniques to the study of the methane/air flame. Figure 5 
compares the relative OH concentration profiles at various heights above the 
burner surface with profiles of C, fluorescence. Also shown is the Rayleigh 
light scattering signal for three flame heights. The absence of distinct 
peaks in the scattering signal profiles indicates that large soot particles 
are not detectable below 15 mm in the methane/air flame. The C, fluorescence 
is attributed to laser photolysis of large hydrocarbon molecules. Figure 5 
shows that the OH concentration maximum occurs further away from the burner 
centerline (in more lean regions of the flame) than the area where 
hydrocarbons such as benzene and soot particles are observed. 

RAYLEIGH SCATTERING 1 

-10 - 5  0 5 10 
UTERAL POSITION, rnm 

FIGURE 5 

Data Analysis and Discussion 

A laminar flame is a steady-state system: the value of any macroscopic 
variable (such as a species concentration) does not change with time at a 
particular spatial location [lo]. Because there is a flow of material into 
and out of a given volume element due to mass transport, there must be a 
corresponding change in species' concentrarions due to chemical reactions: 
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Ri 3 V[N, (V + Vi) 1.  (1) 

Here, R, is the net chemical rate, Ni is the species concentration, v is the 
mass average (convective) velocity, and Vi is the diffusion velocity of the 
species into the local mixture. A l l  of the quantities on the right-hand side 
of Eq. 1 have been experimentally determined (Ni and v) or can be calculated 
directly from the experimental data (Vi). 

Figure 6 illustrates the calculation of the chemical production rate, Ri, 
for acetylene at heights of 5 and 13 mm above the burner surface. Low in the 
flame, the rate profile exhibits a maximum destruction value near the high 
temperature, primary reaction zone, and a formation feature slightly toward 
the fuel side. This peak in the production rate is located on the lean, 
higher temperature side of the observed concentration peak (see Figure 4). 
Higher in the flame, the production rate is diminished by a new destruction 
feature (see arrow). This new destruction feature spatially overlaps an 
observed profile maximum for small soot particles, and this feature is 
believed to be due to acetylene participation in soot surface growth processes 
(101. 

' I  

v 

X 
Y 

z 0 

Small Soot, \ 
a - -3.0 

0 

Particles 

-10 -5 -10 -5 0 
IATERAL POSITION. mm 

FIGURe 6 

The concentration and production rate data have been used to critically 
evaluate proposed mechanisms for hydrocarbon condensation chemistry in the 
methane flame. For example, our data allows us to select between competitive 
reactions during specific growth steps in the formation of benzene. In the 
Introduction, alternative processes involving two, four, and six carbon-atom 
free radicals were suggested for the sequence leading from acerylene to 
benzene. For a given reaction to be important, its maximum forward rate must 
be faster than the observed production rate of the product benzene. For 
example, both ethynyl radicals and vinyl radicals can be formed by hydrogen 
atom reaction with acetylene. For. these calculations, the concentration of 
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hydrogen atoms was determined by assuming equilibrium with methane in the 
reaction [lo]: 

n. + cn, Z n, + cn,. 

In Figure 7, the formation rates of these radicals via reactions la and lb are 
compared with the observed net benzene formation rate. As this figure 
indicates, is produced too slowly to account for 
the observed rate of the formatlon of benzene in the methane flame. In 
contrast, the vinyl radical, C,H,. , formed through hydrogen atom addition to 
acetylene, is formed fast enough to account for our benzene rate data. 
Another route to vinyl formation is hydrogen abstraction from ethylene: 

the ethynyl radical, C,H., 

+ 
Ric) n.  + C,H, -t c,H,. + n, 

We have recently developed a method for distinguishing the individual 
contributions to the mass 28 signal from CO, N,, and C,H,. Thus, the 
importance of reaction IC) in the formation of benzene can be determined. The 
forward rate of Rlc is plotted in Figure 7. Near the flame reaction zone, the 
magnitude of vinyl formation through Rlc exceeds the observed net forward 
formation rate of benzene. Thus, in the methane flame, vinyl formation 
through both acetylene and ethylene can contribute to aromatic ring formation. 

1 

TEMPERATURE. K 
1200 1400 1600 1800 

4.0 5.0 6.0 
LATERAL POSITION, mm 

FIGURE 7 

In a previous paper on the production rate calculations1', we concluded 
that the vinyl radical was the key two-carbon radical in the formation 
sequence leading to benzene. This result was predicated on the assumption 
that oxygen containing radicals such as OH were not involved directly in this 
process. However, OH abstraction of hydrogen from acetylene to form ethynyl 
is a fast reaction [ll] and should be considered in our analysis. We have 
therefore added reaction Id) 
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Rld) OH. + C,H, C,H* + H,O 

to the two-carbon radical formation processes plotted in Figure 7. Because 
laser induced fluorescence provides a determination of only the relative 
hydroxyl radical concentration, it is necessary to scale the profile results 
to a reasonable estimate of the actual OH concentration. To this end, the 
peak OH concentration was taken to be that predicted by the NASA combustion 
equilibrium code for methane/air mixtures at the local equivalence ratio, 
= 0.7, and the temperature, 2030 K, where the fluorescence maximum is observed 
[12]. This estimate should prove to be conservative: Mitchell et al. have 
found super-equilibrium concentrations for OH in fuel-rich regions of 
methane/air diffusion flames [13]. As Figure 7 demonstrates, formation of 
ethynyl from OH reactions with acetylene is fast enough to account for the 
observed benzene formation rate. 

Further tests of benzene formation mechanisms will focus on competitive 
routes to four-carbon molecule formatLon (R2a-R2c). A critical concern will 
be the relative concentrations of vinyl and ethynyl radicals. If the vinyl 
radical concentrations far exceed the ethynyl radical concentrations, as has 
been observed in pre-mixed acetylene flame results [14], then processes such 
as reaction 2c will be far more important than the ethynyl radical reactions 
such as 2a or 2b. Reliable estimation or measurement schemes for these 
radicals remains as one of the great challenges in unravelling diffusion flame 
chemistry. 

J 
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I. Introduct ion 

Over t h e  past twenty f i v e  years a l a r g e  number of inves t iga t ions  of 
soot formation, growth and oxidation have been reported. The  extensive 
i n t e r e s t  i n  t h i s  problem is a r e s u l t  of t h e  important ramif icat ions t h a t  
t h e  presence of soot p a r t i c l e s  have on p r a c t i c a l  combustion s y s t e m s .  
Because of t h e  d i v e r s i t y  of these  e f f e c t s ,  a wide var ie ty  of experimental 
s i t u a t i o n s  have been inves t iga ted .  These range from small laboratory 
s c a l e  burners t o  f u l l  s c a l e  combustion devices. However, i n s i g h t s  i n t o  
t h e  fundamental processes which control  t h e  formation and growth of soot  
p a r t i c l e s  have la rge ly  resu l ted  from s t u d i e s  of simple premixed and 
d i f fus ion  flames. The results of such s t u d i e s  have been per iodica l ly  
reviewed and where appl icable  r e l a t e d  t o  prac t ica l  s i t u a t i o n s  El-41. 

Recently a s i g n i f i c a n t  amount of a t t e n t i o n  has been given t o  t h e  
s t u d y  of laminar and turbulen t  d i f fus ion  flames [5-151. Many of these 
s t u d i e s  have u t i l i z e d  o p t i c a l  diagnost ics  t o  obta in  quanta t i t ive  
information on soot p a r t i c l e  s i z e ,  concentration and s p a t i a l  d i s t r i b u t i o n  
i n  t h e  flame. These techniques which were f irst  applied t o  premixed 
flames C161 have allowed f o r  a s i g n i f i c a n t  advance i n  our quant i ta t ive  
understanding of soot formation processes. In f a c t ,  the  r e s u l t s  of t h e  
premixed flames s t u d i e s  es tabl ished the common sequence of events  which is 
now viewed t o  govern t h e  formation of soot p a r t i c l e s  i n  most combustion 
s i t u a t i o n s .  These include ( 1 )  a chemically k i n e t i c a l l y  cont ro l led  
react ion sequence which r e s u l t s  i n  t h e  formation of precursor spec ies  
needed t o  form the  first p a r t i c l e s ,  ( 2 )  a p a r t i c l e  inception s t a g e  which  
r e s u l t s  i n  t h e  formation of l a r g e  numbers of small p r i m a r y  p a r t i c l e s ,  (3) 
a p a r t i c l e  growth period i n  which sur face  growth and  p a r t i c l e  coagulation 
processes cont r ibu te  t o  the  increase i n  p a r t i c l e  s i z e  and ( 4 )  a s tage  i n  
which mater ia l  is  no longer added t o  t h e  soot p a r t i c l e s  and s i z e  is 
control led by agglomeration or  may even be reduced by oxidat ive a t t a c k .  
Recent work i n  premixed flames has concentrated on more firmly 
es tab l i sh ing  quant i ta t ive  measurements of the individual  processes which 
c o n s t i t u t e  t h i s  descr ipt ion.  S igni f icant  progress has been made i n  
understanding the  surface growth and p a r t i c l e  coagulation processes which 
Occur i n  premixed flames C17.181. Resul ts  from these and other  s t u d i e s  
have emphasized the  importance of acetylene (C2H2) and ava i lab le  sur face  
area i n  t h e  p a r t i c l e  growth process and have establ ished t h a t  soot  
p a r t i c l e  coagulation accounts f o r  t h e  p a r t i c l e  number concentration 
behavior observed i n  such flames. Present ly  e f f o r t s  a r e  focused on t h e  
p a r t i c l e  incept ion s tage  i n  an e f f o r t  t o  l i n k  the  formation of l a r g e  
intermediate  hydrocarbon spec ies  which a re  viewed as  precursors t o  soot  
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p a r t i c l e s  and t h e  i n i t i a l  p a r t i c l e s  observed by  l i g h t  s c a t t e r i n g  
techniques i n  t h e  flame [19,20]. Such measurements present ser ious 
challenges f o r  cur ren t  d iagnos t ic  approaches and progress has been 
possible only through a combination of experimental measurements and 
extensive computer modelling of the soot  aerosol  as i t  develops i n  time. 
I n  these s t u d i e s ,  t h e  e f f e c t s  of p a r t i c l e  incept ion ,  sur face  growth and 
coagulation m u s t  be taken i n t o  account simultaneously. 

Recent s t u d i e s  i n  laminar d i f fus ion  flames have e s s e n t i a l l y  confirmed 
t h a t  the formation and growth of soot  p a r t i c l e s  can be described by  a 
s imilar  s e r i e s  of processes. Using laser-based techniques t o  measure 
p a r t i c l e  s i z e  [6,7], veloci ty  [9,10] and temperature [21] ,  workers have 
provided a much more de ta i led  understanding of soot p a r t i c l e  processes i n  
these  flames. Because p a r t i c l e  formation is not s p a t i a l l y  homogeneous 
throughout t h e  flame, the  high s p a t i a l  resolut ion of these techniques have 
allowed inves t iga t ion  of t h e  s t r u c t u r e  of t h e  soot p a r t i c l e  f i e l d  and, at  
l e a s t  t o  some degree of accuracy, t o  follow the time h i s t o r y  of t h e  
p a r t i c l e s  as they proceed through t h e  flame 11 0,11,22]. In  p a r t i c u l a r ,  
a t t e n t i o n  has been given t o  the  s t u d y  of e f f e c t s  of temperature [23,241 
and pressure [22]  on the production of soot  p a r t i c l e s .  O f  r e l a t e d  
i n t e r e s t  a r e  s t u d i e s  examining r a d i a t i v e  t r a n s f e r  from these  flames which 
ind ica te  t h a t  r a d i a t i o n  from soot  p a r t i c l e s  represents  a s i g n i f i c a n t  
energy t r a n s f e r  mechanism [15]. T h i s  has led  severa l  workers t o  Speculate  
t h a t  r a d i a t i v e  t r a n s f e r  i s  important i n  cont ro l l ing  t h e  emission of soot  
p a r t i c l e s  from the  flame [7,11,151. 

In addi t ion  t o  these  s t u d i e s ,  which have emphasized t h e  de ta i led  
processes involved i n  soot p a r t i c l e  and growth, a la rge  body of work 
e x i s t s  concerning the  r e l a t i v e  soot ing  tendency of f u e l s  [12,25,26]. 
These works l a r g e l y  focus on t h e  concept of a "smoke point" or  "sooting 
height" which charac te r izes  an individual  f u e l .  The soot ing  height is an 
experimental measurement of the  height of a laminar d i f fus ion  flame when 
soot p a r t i c l e s  are observed t o  issue from the t i p  of the flame. Fuels 
which have a higher tendency t o  soot  are found t o  have a shorter flame 
height a t  t h i s  c h a r a c t e r i s t i c  point .  Although a q u a l i t a t i v e  measure of 
soot production tendencies ,  workers inves t iga t ing  soot  formation from t h i s  
approach have made severa l  c r i t i c a l  contr ibut ions t o  t h e  phenomenological 
understanding of soot  p a r t i c l e  formation [27]. Recently work has appeared 
t o  r e l a t e  t h e  more d e t a i l e d  measurement r e s u l t s  i n  laminar and turbulen t  
flames t o  t h e s e  soot ing  height  results w i t h  some success [28,29]. 
T h i s  work is p a r t i c u l a r l y  s i g n i f i c a n t  i n  t h a t  i t  allows a quant i ta t ive  
r e l a t i o n s h i p  t o  be obtained from t h e  previous r e l a t i o n a l  information on a 
w i d e  var ie ty  of f u e l s .  The f a c t  t h a t  information f o r  t u r b u l e n t  flames 
could be derived from laminar flame measurements i s  encouraging s ince i t  
points to  t h e  general u t i l i t y  of t h e  laminar d i f fus ion  flame r e s u l t s .  

I t  should be mentioned t h a t  a good deal of t h e  understanding of the 
evolut ion of t h e  soot  p a r t i c l e  f i e l d  i n  d i f fus ion  flames draws 
s u b s t a n t i a l l y  from the e a r l i e r  work of Roper [30,311. 
and recent ly  i n  an update t o  t h a t  work [321, a s i m p l e  model of laminar 
d i f fus ion  flames i s  developed which c l e a r l y  descr ibes  the e f f e c t s  of f u e l  
f lowrate ,  temperature and rad ia t ion  on t h e  s t r u c t u r e  of t h e  flame. T h e s e  
w o r k s  have widely influenced other  researchers  i n  t h i s  f i e l d .  

In these papers, 
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In the above work on diffusion flames, the emphasis has been on the 
particle aspects of these flames. Studies of the important chemistry have 
been undertaken for the most part in low pressure and atmospheric laminar 
premixed flames, although shock tube work has also contributed in some 
respects [33,34]. These studies have established plausible reaction 
mechanisms leading to the formation of aromatic compounds with a few rings. 
There continues to be a debate concerning the role that ions may have in 
providing the rapid chemical reaction rates needed to form the particles 
in the reaction times available ( -  1 ms) 1353. However, in the area of 
diffusion flames a relatively smaller amount of work is available 
examining the preparticle chemistry [361. Recently a significant effort 
has been made to study both the chemistry leading to soot precursors and 
the subsequent soot particle growth in diffusion flame environments C91. 
These results have not yet progressed sufficiently to allow a complete 
quantitative picture to be drawn, but progress is continuing C371. 

The experiments to be described here are an extension of our previous 
laminar diffusion flame studies of soot particle formation C7.101. 
Specifically a detailed examination of the effect of fuel chemical 
structure has been undertaken. In our previous work, the emphasis has 
been on examining the effects of fuel flowrate and temperature on the 
production of soot in diffusion flames C7.10.241. In addition, specific 
attention was given to the processes controlling the emission of soot 
particles from the flame. These results along with the findings of other 
researchers has established the complex, coupled nature of the processes 
determining the soot particle evolution in the flame. The individual 
effects of temperature, flow field (e.g. velocity), pressure and fuel 
constitutents all must be investigated if a comprehensive understanding of 
the soot formation process is to be achieved. 

11. Experimental Apparatus 

For these studies, a coannular laminar diffusion flame has been used 
in which fuel is burned in air under atmospheric pressure conditions [7]. 
The burner consists of an 11.1 mm id fuel passage surrounded by 101.6 mm 
outer air passage. The flame is enclosed in a 405 mm long brass cylinder 
to shield the flame from laboratory air currents. Slots machined in the 
chimney provide for optical access while screens and a flow restrictor 
were placed at the exhaust of the chimney.to achieve a stable flame. The 
burner is mounted on translating stages to provide three-dimensional 
positioning capability. Radial traversing of the burner is accomplished 
using a motorized translation stage. 

The soot particle measurements were obtained using a laser 
scattering/extinction technique [161. 
measurements were carried out using a 4 W argon ion laser which was 
operated at the 514.5 nm laser line. The incident laser power was 0.5 W 
and was modulated using a mechanical chopper. The transmitted power was 
measured using a photodiode and the scattered light was detected at g o o  
with respect to the incident beam using a photomultiplier tube. Signals 
from each detector were input to a lock-in amplifier and subsequently 
digitized signals were stored on a computer. 
scattering cross section to the extinction coefficient was used to 
determine particle size. For these calculations, the particle size 

Laser extinction and scattering 

The ratio of the measured 
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analysis  was c a r r i e d  out  using a data reduction approach based on Mie 
theory. 

Previously obtained veloci ty  measurements on a s imilar  flame, 
obtained using a l a s e r  velocimeter technique, were used t o  c a l c u l a t e  the  
p a r t i c l e  paths  and t h e  residence time i n  t h e  flame. 

111. Results 

As has been previously described, t h e  amount of  soot  formed i n  a 
flame i s  a funct ion of several  var iables .  Temperature, pressure and f u e l  
s t ruc ture  h a v e  been shown t o  be p a r t i c u l a r l y  important i n  determining the  
amount of soot  formed. T h u s ,  i t  is highly des i rab le  t o  s t u d y  soot  
p a r t i c l e  formation under conditions where these var iab les  can be 
systematical ly  var ied .  T h i s  presents  several  problems, p a r t i c u l a r l y  i n  
the case of f u e l  s t r u c t u r e  s t u d i e s ,  because t h e  soot ing propensity of 
fue ls  v a r i e s  w i d e l y  C25-271. T h i s  r e s u l t s  i n  important var ia t ions  i n  the 
veloci ty  f i e l d  and heat losses  t o  t h e  burner f o r  d i f f e r e n t  flames. 

To overcome some of these d i f f i c u l t i e s ,  a f u e l  m i x t u r e  approach has 
recently been tr ied f o r  the  study of soot p a r t i c l e  processes i n  these 
flames. I n  t h i s  approach, a n  e thene/air  d i f fus ion  flame which has been 
extensively charac te r ized  i n  terms of the p a r t i c l e ,  veloci ty  and 
temperature f i e l d s  has served as  the basel ine flame C71. For t h e  f u e l  
composition s t u d i e s ,  d i f f e r e n t  f u e l  spec ies  were added t o  the  basel ine 
fue l  (e thene) ,  such t h a t  t h e  addi t iona l  carbon flow r a t e  was the  same i n  
each case. Under these condi t ions,  t h e  t o t a l  carbon flow rate is held 
constant. In a d d i t i o n ,  the  flame s i z e  and shape remains s imi la r  f o r  a l l  
the flames s tudied ,  t h u s  minimizing changes i n  burner heat l o s s  or  
p a r t i c l e  t ranspor t  i n  t h e  flame. An ethene f u e l  flow r a t e  of 3.85 cc /s  ( a  
carbon flow rate of 3.78x10-3gm/s) was se lec ted  f o r  the basel ine flame 
s ince t h i s  d i f fus ion  flame has been extensively s tudied [7,10,221. A 
second f u e l  was added t o  t h e  ethene flow t o  produce a t o t a l  carbon flow 
r a t e  of 4.81x10-3gm/s, an increase of 1.03x10-3gm/s from t h e  basel ine case. 
Results have been obtained for  methane, e thane,  ethene, acetylene,  
propene, butene, and toluene.  In t h e  case of toluene,  the f u e l  was 
vaporized using a technique similar t o  t h a t  described by Gomez e t  a l .  [12]. 
The flow condi t ions f o r  these s t u d i e s  a r e  given i n  Table 1 along w i t h  t he  
calculated a d i a b a t i c  flame temperatures f o r  t h e  f u e l  mixtures. 
a l s o  includes t h e  measured values f o r  the percent carbon conversion t o  
Soot for  t h e  f u e l  increment introduced i n t o  the  basel ine flame. This  
value is obtained by taking t h e  d i f fe rence  betwen t h e  maximum soot  mass 
flow rate observed i n  t h e  flame f o r  t h e  f u e l  m i x t u r e  case and the  base l ine  
flame divided by t h e  carbon mass flow r a t e  increase (1.03x10'3gm/s). 
percent conversion is observed t o  vary s t rongly a s  a funct ion of f u e l  
species  w i t h  t h e  aromatic  fue l  having the l a r g e s t  conversion percentage. 

Table 1 

The 

Using t h e  previously obtained de ta i led  information on t h e  p a r t i c l e  

Two regions of t h e  flame have 
Paths f o r  the ethene flame, comparisons between t h e  d i f f e r e n t  f u e l s  can be 
made f o r  d i f f e r e n t  regions of t h e  flame. 
been se lec ted  f o r  i l l u s t r a t i o n  using the soot  volume f r a c t i o n  ( f v )  
measurements. Figure 1 shows t h e  time evolut ion of f v  along t h e  particle 
path which t r a v e r s e s  t h e  annular region of t h e  flame where t h e  maximum f, 
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Table 1 

Baseline 
Fuel 

I t  

11 

11 

11 

11 

Fuel 
Added 

(cc/s) 

+ CH4 (2.10) 
+ C2H6 (1.05) 
+ CPHII (1.05) 

Tad 

(K) 

2333 
23411 
2369 
2403 
2368 
2359 
2361 

Carbon 
Conversion 

13 
22 
18 
32 
36 
52 
98 

is observed; Figure 2 shows a similar plot for the center line of the 
flame. The fuel mixtures shown include three alkenes (ethene, propene and 
butene) and an aromatic (toluene). As Table 1 indicates, the adiabatic 
flame temperatures for these fuel mixtures do not vary significantly. 
Thus, the temperature fields characterizing these flames should be 
similar, allowing a direct comparison between the flames. 

Figures 1 and 2 clearly indicate that differences between the fuels 
are more pronounced in the annular region of the flame than near the 
center line. This implies that the.higher temperatures and larger radical 
concentrations present in the annular region of the flame, which lies 
closer to the flame reaction zone, not only increase the soot formation 
rates, but also enhance the differences between fuel species. In the 
annular region (see Fig. 1 1 ,  all the fuels are observed to reach a maximum 
in fv at a similar residence time (-60 ms). For the alkene fuels, the 
observed residence time for the first observation of soot particles and 
the value of fv at this time are also very similar. 
different alkene fuels are observed to have measurably different rates of 
growth in terms of the change in the soot volume fraction with time. For 
the toluene mixture, although soot particles are first observed at a 
similar residence time (=21 ms), the initial concentration is much higher. 
This implies that soot particle inception occurred at an earlier time or 
that the inception process is much more vigorous. The particle size and 
number density measurements, along with the results from nearby particle 
paths, favor an interpretation indicating an earlier inception time. 
Thus, these results indicate that the specific nature of the fuel species 
is observed to affect the initial particle formation process as well as 
the subsequent growth rates. Comparisons with the data along the center 
line of the flame (see Figure 2) further support the argument that the 
aromatic fuel accelerates the inception process. However, the final soot 
volume fraction values observed in this region show smaller differences as 
compared to the annular region of the flame for the fuels studied. Thus, 
the particle growth processes may differ in this fuel rich region which 
also exhibits lower temperatures than observed in the annular region. 

However, the 
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The approach of determining t h e  influence of f u e l  s t r u c t u r e  based on 
f ixed increments i n  t h e  carbon flow r a t e  provides an appropriate  framework 
i n  which t o  consider t h e  soot  formation process i n  general. As an 
example, Fig. 3 shows a plot  of t h e  maximum soot  mass flow r a t e  as a 
function of f u e l  flow r a t e  for  a s e r i e s  of e thene/air  flames E7.101. A 
l i n e a r  r e l a t i o n s h i p  is observed over t h e  flow range s tudied ,  ind ica t ing  
that  t h e  conversion of f u e l  carbon t o  soot  is constant beyond some minimum 
required flow r a t e  t o  f i r s t  produce soot p a r t i c l e s  i n  t h e  flame. T h e  
observed value f o r  t h e  percent conversion f o r  these  ethene flames i s  18%. 
Similar e x p e r i m e n t s  f o r  o ther  f u e l s  a re  present ly  underway. 

I V .  Discussion 

The  r e s u l t s  described above, although preliminary n a t u r e ,  have 
ident i f ied  severa l  fea tures  which a r e  deserving of f u r t h e r  inves t iga t ion .  
Attention should be focused on d i f f e r e n t i a t i n g  t h e  p a r t i c l e  inception and 
surface growth cont r ibu t ions  f o r  t h e  various f u e l  t y p e s .  The d i f fe rences  
between the alkene and aromatic fue ls  i s ,  obviously, of most i n t e r e s t  i n  
l i g h t  of t h e  l a r g e  differences i n  t h e i r  soot ing  tendencies. I n  addi t ion ,  
the occurence of a constant conversion percentage based on f u e l  s t r u c t u r e  
needs f u r t h e r  inves t iga t ion .  S p e c i f i c a l l y ,  t h i s  r e l a t i o n s h i p  f o r  f u e l  
mixtures needs t o  be developed over a wider  var ia t ion  of f u e l  s t r u c t u r e s  
and as  a funct ion of temperature. Recently, Kent E281 has reported s o o t  
conversion percentages f o r  a wide var ie ty  of fue ls  which were d i r e c t l y  
r e l a t e d  t o  soot  volume f r a c t i o n  measurements obtained a t  t h e  sooting 
height C28,381. 
t o t a l  amount of conversion of f u e l  t o  soot  ra ther  than on t h e  incremental 
change a s  described above. However, the t rends  observed i n  terms of t h e  
contrast  between t h e  alkene and aromatic f u e l  species  are similar t o  those  
observed here. Kent 's  r e s u l t s  ind ica te  the  conversion percentage for  
ethene t o  be 12% while  t h a t  f o r  toluene is 38%. The values f o r  ace ty lene  
and propene were 23% and 16% respec t ive ly  which d i f f e r s  i n  t h e  order ing  
observed i n  t h e  present  s t u d y .  However, t h e  present r e s u l t s  agree with 
previous s t u d i e s  of soot ing height measurements i n  terms of the soot ing  
tendency of t h e  s tud ied  f u e l s  [12]. 
s tud ies  mentioned represent  the beginning s t e p s  t o  obtaining a 
quant i ta t ive understanding of t h e  e f f e c t  of f u e l  molecular s t r u c t u r e  o r  
soot formation i n  d i f fus ion  flames. Signif icant  progress is l i k e l y  t o  
continue as experimenters concentrate on s p e c i f i c  aspects of t h e  problems 
such p a r t i c l e  incept ion and surface growth. 

I n  t h i s  case,  the conversion percentages a r e  based on t h e  

These r e s u l t s  along wi th  the  previous 
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ARE IONS IMPORTANT IN SOOT FORMATION? 

H. F. Calcote, D. E. Olson, and D. 0. Keil 

AeroChee Research Laboratories, Inc. 
P.O. Eon 12, Princeton, NJ 08542 

I. INTRODUCTION 

Many chemical mechanisms have been proposed for the formation of incipient 
soot in flPaes. The ionic mechanism has not been widely embraced; it is considered 
a compatitor to free radical mechanisms which have received more attention. It 
seems timely to review the evidence for the ionic mechanism, which we do here. 

The precursor o f  soot formation is 8SSUmed to be the propargyl ion, CxH3* 
(1-31. The source of this ion is not clear but it is the dominate ion in fuel rich 
hydrocarbon flames and is generally considered to be a primary chemi-ion, i.e., 
derived from the reaction of neutral species. There are tw isomers of C,H3+, a 
linear structure and a more stable cyclic structure. Measurements of reaction 
rates f o r  these two isomers 8t near room temperature demonstrate that reactions of 
the linear isolvr are fast, generally equal to the L8ngevin rate, while reactions 
of the cyclic isomer are slower (4-6). Eyler and associates ( 7 )  have recently 
determined that the rate of linear C3H3* reacting with acetylene is small compared 
to Langevin theory ( 8 , 9 ) .  The validity of entrapolating these measurements to high 
temperatures is not clear. The Langevin theory, for ions reacting with non-dipolar 
molecules, dees not predict e temperature dependence. Which isomer of C,H3+ is 
formed initially in flames is also not known, nor is the rate of isomerization. 

In the ionic soot formation mechanism, the precursor ion reacts with neu- 
tral species, e.g., acetylenes, to produce larger ions. These larger ions continue 
to react further to produce ever increasingly larger ions. 

A major feature of this rcchanism is the large rate coefficients for ion- 
molecule reactions and the ease with which ions isomerize ( 8 ) .  The formation of a 
cyclic structure does not represent a significant energy barrier as it does for a 
free radical mechanism. Some of the electrons produced in the cheni-ionization 
reaction produce negative ions by electron attachment to large molecules8 these 
reactions are favored by low temperature and increasing molecular weight o f  the 
neutral reactant. As the ions grow larger their recmbination rate coefficient for 
reaction with electrons or negative ions increases, so positive ions are removed, 
forming large neutral molecules, the equivalent of small neutral soot particles. 
The small neutral particles continue to grow and as they become larger their work 
function approaches that of b u l k  graphite. At sufficiently high temperature, these 
particles become thermally ionized1 these thermally ionized particles are not of 
interest for soot nucleation. 

In this paper we review the evidence for the sequence of reactions starting 
with C3H3+ and proceeding through large soot ions; this sequence of reactions has 
been labeled "the ionic mechanism." 

11. EVIDENCE 

A. Concentration 

Concentrations of ions have been measured by AeroChem (2,3,10), Oelfeu and 
associates (ll,li'), and -ann and associates (13,14) in what has been referred to 
as the "standard flame." This is a premixed, Booting acetylena/onygen flame on a 
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flat flame burner at 2.7 kPa, an equivalence ratio of 3.0, and an unburned gas 
velocity of 90 cm/s. 
soot concentrations, charged soot concentrations, and the flame temperature. The 
ion concentration in this flame is sufficient to account for the formation of the 
observed soot. 

6. 

Ion concentrations are shwn in Fig. 1 along with neutral 

Ion-molecule rate coefficients are generally several orders of magnitude 
greater than for neutral species reactions (a), which, of course, means that the 
concentration of ions does not have to be as great to react at the same rate. 

Figure 1 also contains evidence that the rates of ion-molecule reactions 
are sufficiently rapid in flames to account for soot formation. As the ion concen- 
tration decays by ion recombination, the soot concentration increases. The slopes 
are comparable within the accuracy of the data. We note, houever, that soot par- 
ticles are identified as those uhich can be detected using an electron microscope, 
i.e., their diameter ewceeds 1.5 nm. 

Several available sets of data on neutral soot particle dizaneters and posi- 
tively charged soot particle diameters are presented in Fig. 2 for the standard 
C 2 H Z / O I  fleme. These data have presented a dilemma (15); it appears that neutral 
particles grow faster than charged particles, but in the early part of the flame 
the charged particles have a larger diameter. This question seems to relate more 
to particle growth and thermal ionization than to soot nucleation; nevertheless the 
location of the phenomena in the flame is at just the distance where the initial 
ion concentration is falling and the concentrations of neutral particles and 
charged particles are increasing. In previous calculations (1,16) of thermal ioni- 
zation of soot particles about 2 cm downstream from the burner, the assumption was 
made that equilibrium was approached from the side of encess neutral particles. 
This is difficult to rationalize if the concentration of charged particles ewceeds 
the concentration of neutral particles at mall distances where the particle dim- 
eters are the smallest. 

The fraction of thermally ionized particles and the rate of thermal ioniza- 
tion are both very sensitive to particle diameter. For the mall neutral particles 
the calculated ionization rate is s l w  compared to the experimental rate. Thus at 
2.25 cm above the burner, with the Richardson equation modified for small particles 
(17), we calculate a rate of ionization of 2 X lo** charged particles/(cm3 s) and 
we measure a rate of 6 x 1011 charged particles/(cm3 s) from the slope of the 
"charged soot" curve in Fig. 1. Between 2.5 and 3.0 cm the calculated rate ewceeds 
the observed rate; here and at greater distances equilibrium controls the concen- 
trations. Thus at the first appearance of soot the rate of thermal ionization of 
neutral particles is too small to account for the observed rate of charged particle 
appearance; close to the burner equilibrium is approached from the direction of 
ewcess charged particles. This is further evidence that charged species are in- 
volved in the formation of soot. 

The difference in slopes of the neutral and charged particle concentrations 
in Fig. 2 is probably due to a faster rate of ion-electron recombination for large 
ions than for small ions. For ewample, increasing the particle diameter f r m  5 to 
10 nm increases the rate coefficient of recombination from about 1.3 X 1 0 - 6  to 
about 3.8 X 10-5 cm3/5. Thus the larger charged particles disappear more rapidly 
than the smaller ones. In the region of the flame where this occurs, the observed 
charged particles are derived from the chemi-ions produced early in the flame and 
are not derived from the neutral particles. This is not only further evidence for 
the ionic mechanism of soot formation, but it makes very awkward any explanation of 
the swrce of ions being the thermally ionized particles as some have suggested. 
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C. Confirmation of Ions 

All of the individual ions involved in the postulated mechanism, up to mass 
557, have been observed in sooting fl8mes (2,3,11,12). The confirmation that ions 
larger than these are present in the flame, prior to the appearance of soot, has 
also been documented (13,14). 

0. Location of Ions in Flame 

The order of appearance of ions and soot, Fig. 1. in a flame is not in 
itself evidence that ions are produced &fore soot in the reaction sequence; the 
order of appearance would be reversed if the rate of production of soot from ions 
were fast compared to the rate of production of ions. However, uhen the species 
peak at considerable distance apart in the flame it seems safe to assume that the 
first peak precedes the second in the reaction sequence as well as in order of 
appearance. This assumption is further warranted uhen there is no clear means of 
proceeding from soot to ions (18). With these caveats, the appearance of ions in 
the flame with respect to the appearance of soot is evidence for ions being the 
precursors of soot. 

Further evidence of a similar nature comes f r m  observations in diffusion 
flames st one atmosphere. Ue have made ion concentration measurements (19) in the 
same methane/air flame on which Wyth et el. (20) made a number of measurements. 
Our temperature profiles agreed with theirs. The data for this diffusion flame are 
summarized in Fig. 3 and the rationale for the estimates of concentrations are 
summarized in the caption. The soot concentration profile was not measured by 
Smyth et al., but the position of the soot maximum in the fleme was determined by 
laser induced ionization. The relative concentrations of polycyclic aromatic 
hydrocarbans, PCAH, =re estimated from laser induced fluorescence. We confirmed 
the radial location of the soot maximum by laser ertinction measurements at a wave- 
length of 633 rnm samwhat higher in the flame. We estimate from our measurements 
that the volume fraction of soot is about 5 x lo-*, which for 20 nm diameter 
particles would correspond to about 1010 particles/cma. 

The location of soot. Fig. 3, uith respect to the possible reactants is 
evidence for the ionic mechanism as opposed to a mechanism involving only acetylene 
and a PCAH. For a reaction of acetylene and PCAH to he to be reasonable, it is 
necessary to assume something else is involved, such as hydrogen atoms (21,22), or 
that the rate limiting reaction has a very high sctivation energy. The soot is 
located between the peak concentrations of acetylenes and ions, just where it wuld 
be anticipated if these were the two reactants producing it. 

An important qu8stion with respect to soot formation is "why does inception 
stop?" (23). Harris has recently suggested that the falloff in oxygen concentra- 
tion may be responsible due to its promotion of the formation of high energy 
species which are important for soot formation and which disappear along with the 
oxygen. 
for the effect. An even more obvious explanation for the termination of soot in- 
ception wwld be the termination of ion formation and the rapid decrease in ion 
concentration, see e.g., Fig. 1. It is a long established fact that ions show a 
sharp peak in the flame front of hydrocarbon fl-s (24,25). 

E. Chanaes Uith Eauivalence Ratio 

He suggested that the production of excess H-atoms is possibly responsible 

In premixed flames dramatic changes in ion concentrations occur at the 
threshold fuel concentration for soot formation as shown in fig. 4. 
ions are replaced by large ions as the equivalence ratio is increased through the 
threshold soot point. 

Small flame 

This simple observation wuld be consistent with an ionic 
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mechanism of soot formation; there are, however, complications. Why does the total 
concentration of ions increase at higher equivalence ratios beyond the soot thres- 
hold? This observation has, in fact, been used to argue against the ionic mecha- 
nism; namely that the occurrencm of the increase in ion concentration with equiva- 
lence ratio was due to ionization of charged particles (11,lS). We have subse- 
quently demonstrated that thermal ionization of soot particles cannot be the en- 
planation for this increase (10) but the phenomenon remains unexplained. Both the 
marimum flame temperature (26) and the total ion recombination coefficient (10) 
change at the soot threshold concentration. 
to increased radiative losses. 

The temperature drop is probably due 

F. Fuel Effects 

The occurrence of ions and the appearance of soot in flames of various 
fuels are consistent with the ionic mechanism of soot formation, i.e., fuels which 
do not produce ions do not produce soot (1). 

Another indication of a correlation between fuel effects on soot formation 
and ionization can be gleaned from the correlation made by Takahashi and Glassman 
(27)  between the equivalence ratio for soot formation and the number of carbon 
bonds8 the tendency to soot increases with the number of carbon bonds. This is 
similar to the tendency of coapcunds to produce ions under various conditions. In 
flame ionization detectors for gas chromatography the magnitude of the signal pro- 
duced correlates with the number of carbon atoms in the molecule (28). In premired 
fucl/onygen flames, Bulewicz and Padley (29) found that the electron current in- 
creased with the number of carbon atoms in the molecule. Interestingly acetylene 
differed from their correlation as it does in the Takahashi and Glassman correla- 
tion. 

G. Chemical Additive Effects 

Some of the first evidence quoted for an ionic mechanism of soot formation 
vas from observations of the effect on soot formation of chemical additives with 
low ionization potentials. Strong correlations are observed between the effective- 
ness of additives on soot formation and their ionization potentials (30). Alkaline 
earths are a special case because the level of ionization is greater than antici- 
pated by thermal equilibrium; ions are produced by chemi-ionization (31). 

The same additives have been observed to both promote or inhibit (30) the 
formation of soot, and the results have been interpreted as affecting either the 
nucleation or the coagulation step. Much of the confusion arises because of the 
number of possible roles an additive can play and the fact that these roles can 
vary with the erperimental conditions, e.g., the concentration of the additive 
(32). 

The effects of additives on soot nucleation are based on tvo processes as 
suggested by Addecutt and Nutt (33): (1) the transfer of charge from a chemi-ion 
to a metallic atom, A, (341 e.g.: 

W + A  $ M +  A+ 1) 

where W is any hydrocarbon ion, such as C,H,+, or (2) by increasing the concentra- 
tion of electrons due to thermal ionization of easily ionized metals. This would 
increase the rate of dissociative recombination of chemi-ions: 

A A+ + e- 2) 

W + e- + Products 3) 
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Either one of these mechanisms wuld remove the precursor chem-ion from the 
system and thus reduce the number of soot nuclei produced. Reaction 1 will be 
important under conditions such that the equilibrium concentration of tl+ is lower 
than that of A+. In fact, the rate coefficient for Reaction 1 is so much greater 
than for Reaction 2 that equilibrium concentrations of A+ may be approached via 
Reaction 1 rather than Reaction 2. The metal ion, A+, may also be produced in 
greater than equilibrium concentrations by Reaction 1 (35). Thus the specific 
mechanism by which the addition is effective will be determined by the relative 
equilibrium concentration of A+ to W and the time available to approach equilib- 
rium. 

Miller (36), in a study of additive effects on flame quenching, observed 
that the addition of carbon tetrachloride to a spherical low pressure diffusion 
flame transformed a nonsaoting flame to a sooting flame and simultaneously com- 
pletely altered the ionic composition of the flame. The chlorine from the additive 
forms compounds which attach electrons producing large concentrations of negative 
ions. These reduce the rate of recombination of positive ions because recombina- 
tion coefficients with negative ions are about 100 times smaller than with 
electrons. Thus the positive ion concentration is increased, and this increase, 
via the ionic mechanism of soot formation, produces observable soot. 

Bulewicz et el. (32) have studied the effect of metal additives on soot 
formation in flames and have given a detailed interpretation of their results which 
is in complete accord with our current concepts of the mechanism of soot formation 
via an ionic mechanism. A nuaber of chemical additives were added to the fuel side 
of an acetylenefoxygen diffusion flame. The soot was collected on a glass fiber 
filter and weighed. The soot particle size was determined by electron microscopy 
of samples taken at 2 cm, about 1 ms, above the burner rim, and the total positive 
ion concentration was determined by Langnwir probe. Flame temperatures were in the 
range of 1 4 0 0  to 1800 K. 

The same additive acted as a pro-soot or an anti-soot additive, depending 
upon the total ion concentration due to the additive. With increasing ion concen- 
tration, the total quantity of soot increases and then decreases so that at one 
specific additive concentration, the amount of soot is the same as uithout the 
additive. At this additive concentration the particle number density reaches a 
maximum. Beyond this concentration the number density, total mass of soot, and the 
soot particle size all decrease so that the dominant effect of the additive is on 
the nucleation rather than the coagulation step. In other flames the dominant 
effect of additives is on coagulation, see e.g., Haynes et al. (37). 

flUlewiCZ et el. (32) explain both the pro-soot and the anti-soot effects by 
means o f  an ionic mechanism. 
detailed arguments. Briefly, the anti-soot effect is due to charge transfer from 
the precursor hydrocarbon ion, W ,  to the metal atom as in Reaction 1. They point 
out that in their flame, thermal ionization of the metal atom would be too slow to 
produce electrons above the natural flame level so that Reaction 3 cannot be effec- 
tive in reducing the concentration of hydrocarbon flame ions. The pro-soot effect 
is explained by demonstrating that small concentrations of additive may, in fact, 
maintain the level of tl+ at a higher value throughout the flame than when no addi- 
tive is Present. The potassium level in the range of concentration near the cross- 
over point from pro-sooting to anti-sooting varies from about 1010 to 1014 
atom/cm3. 
100 to 1 0 2 0  ionfm3 (function of solution molarity). The natural flame ionization 
concentration is about 1010 ionfcm3, several orders of magnitude above equilibrium 
levels. When the concentration of K is 1014 and the concentration of W is 1010 it 
is clear that Reaction 1 can proceed at a significant rate, thus reducing the 
concentration of tl+. 

The reader is referred to their paper for the 

At about 1600 K ,  the equilibrium concentration of K+ varies from’abouh 

At this high level of additive concentration the equilibrium 
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concentration of K+ cannot be exceeded. On the other hand when the K concentration 
is only 1010 atom/cml, the W concentration can be only negligibly reduced in the 
time available. However, the equilibrium level of K+, which is only about 108 
ion/cm3, may be significantly exceeded because the reqombination rate is slow com- 
pared to the rate of charge transfer from chemi-ions, Reaction 1 (see e.g., Ref. 
35). 
ionizations and at this point Bulewicz et el. (32) suggest that the reverse of 
Reaction 1 maintains the concentrations of W .  
would have decayed because dissociative recombination of molecular ions is about 
two orders of magnitude greater than for atomic ions which must decay by a three 
body process. Thus new ionic nuclei are available at later stages in the combus- 
tion process to grow to incipient soot particles. 

Farther downstreaa the slow decay of K+ maintains a higher level of total 

In the absence of this reaction, W 

The pro-soot action of higher ionization elements, e.g., Pb 7.42 eV; Mg 
7.64 eV; Cr 6.76 eV; Co 7.86 eV; Mn 7.43 eV; and even Li 5.39 eV. are explained by 
the above argument. Their equilibrium ionization levels are very lou and their 
ionization potentials are somevhat less than those for hydrocarbon ions, so a con- 
centration above the equilibrium concentration is expected. Clearly this analysis 
merits more detailed modeling in which all of the simultaneous reactions can be 
accounted for more quantitatively. It does, however, at this stage of development, 
support the ionic mechanism of soot formation. 

111. SUNtlARY 

The answer to the question raised in the title seems to be "yes." 
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Cluster Size Distribution for h-ee Molecular Agglomeration 

G .  W. Mulholland', R. J. Samson2, R. D. Mountain', and M. H. Ernst3 

1. INTRODUCTION 

Dobbins and Megaridis (1) have observed soot agglomerates in a diffusion flame via 
thermophoretic sampling. The agglomerates are made up of spherules with a typical 
diameter of about 30 nm. A characteristic of the agglomerate is the relatively low 
density of the structure with much open space as indicated in Fig. 1. 
concerned with modeling the agglomeration growth process. 

Within the flame, the mean free path of the gas is on the order of 300 run. 
these conditions, the particle continues in a straight path for a distance long 
compared to the particle size. Such behavior is termed free molecular. Mountain et 
&. (2) and Sullivan (3) developed a computational technique for simulating 
particle agglomeration under these conditions, though in these studies the 
investigators were limited to a total of 500 primary particles in their simulations. 
The results were very limited in regard to the size distribution function. In this 
study, we have extended the simulations to 8000 primary particles in order to 
determine the size distribution function for agglomerates in the free molecular 
limit. 

In addition to the computer simulation results, an expression for the coagulation 
kernel is developed based on the apparent fractal structure of the agglomerate and 
the free molecular particle dynamics condition. The size distribution function 
appropriate to the coagulation kernel is derived in the limit of long time based on 
the dynamic scaling analysis of van Dongen and Ernst ( 4 ) .  We also directly compute 
the size distribution function based on a numerical solution of the coagulation 
equation. 

Previous studies of free molecular particle coagulation have been based on spherical 
particles. Lai a (5) have shown that free molecular coagulation with 
coalescence leads to a so called self-preserving size distribution. 
Mulholland (6) considered simultaneous particle formation and free molecular growth, 
but again with the assumption of spherical particle shape. 
conditions similar to those existing in a flame, the simultaneous particle formation 
can lead to a much broader size distribution than the self-preserving distribution 
obtained by Lai a. As indicated above, the soot in the flame exists as an 
agglomerate. It is of obvious interest to determine the size distribution, 
structure, and growth kinetics for agglomerates. 

Meakin 
cluster-size distribution. 
size k is assumed to be proportional to k7. 
, c  7 =-1/2, at which the shape of the cluster-size distribution crosses over from a 
monotonically decreasing function to a bell-shaped curve. A Monte Carlo simulation 
is used with the diffusional motion of the clusters represented by random walks on a 
three-dimensional cubic lattice. In all cases considered, the primary particle size 
corresponds to one lattice site and the diffusion step is one lattice site. This 
differs from the free molecular condition that the particle move several particle 

This study is 

Under 

Dobbins and 

They find that for 

(7) have studied the effect of the cluster diffusivity on the resulting 
In their study, the diffusion coefficient of a cluster of 

Meakin a find a critical value of 7 

'National Bureau of Standards, Gaithersburg, Maryland 20899 
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31nstitute for Theoretical Physics, State University, P.O. Box 80.006, 
3508 TA Utrecht, The Netherlands. 
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diameters before changing its trajectory. 
motion that is the focus of this paper. 

It is this latter case of free molecular 

2. Description of Computer Simulation 

The initial condition consists of 8000 spheres of mass m, and unit diameter u 
randomly located in a cube of size L. 
random number generator which produces normally distributed numbers with unit 
variance so that the particles are in thermal equilibrium with the background gas 
through which they diffuse. 

The dynamics of a particle are governed by the Langevin equation 

The initial velocities are obtained using a 

d(mv,)/dt--mpv, + fx [I1 

where vx is the xth Cartesian component of the velocity of the center of mass of the 
agglomerate of mass m and f, is a stochastic force satisfying <f:>-Zpmk,T. As can be 
seen from Eq.[l], 8-l  represents the relaxation time of the agglomerate. The 
numerical solution of Eq.[l] to obtain the velocity and coordinates for each particle 
after a time interval h is described in Mountain & (2). 

After each time interval h, the system is examined to see if any agglomeration events 
have occurred. It is assumed that whenever two particles "touch", they stick and the 
resulting agglomerate diffuses as a rigid assembly. 
thermally accommodated after each collision, since thermal accommodation with the 
host gas may not occur before a second collision at the high particle concentration. 

The product mp in Eq.[1] is termed the friction coefficient, K. We approximate the 
friction coefficient of k spheres as k times the friction coefficient of a single 
sphere. In making this approximation we neglect the shielding effect of the other 
spheres, but for a tenuous, low density agglomerate this is a reasonable first 
approximation. Both the mass m and the friction coefficient K are proportional to 
the number of particles in the agglomerate k; therefore, p is independent of the size 
of the agglomerate in this independent particle approximation. Dividing both sides 
of Eq.[l] by m, it is seen that the quantity p is the controlling parameter for the 
particle dynamics. 

I Also, the agglomerates are 

! The free molecular condition corresponds to the particle relaxation time, p - l ,  being 
long compared to the time, r-(m,oZ/&T)k, to free stream a particle diameter; that 
is, , 

pr<<1. [ 2 1  

The following result is derived for p r  in the free molecular limit in Mountain 
(2): 

where m, is the mass of an individual sphere, p s  refers to the density, and m 
mass of the gas molecules. 
unity. The simulations are carried out for pr-0.2, which corresponds to a 16 nm 
particle diameter for a 1500 K flame temperature, and for pr-0.05, which corresponds 
to a 6 nm diameter. The density of the individual particle is taken to be 2.0 g/cm3 
and ambient pressure is assumed. 

Another important parameter concerning the simulation is the number density, p ,  
defined as the number of particle per volume, where volume is in units of u 3 .  
Simulations were performed for the following values of p :  0.05, 0.0167, and 0.005. 
Even the lowest of6these densities is several orders of magnitude larger than the 
value of about 10- observed in flames. 

is the 
The surface accommodation is assumed to have a va'iue of 

The density dependence of the results 
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provides insight regarding the applicability of the simulations to an actual flame. 
A value of p of 0.005 is the lowest density for which the simulation can be carried 
out for 8000 particles with 5 runs to obtain adequate statistics using a Cyber 205 
computer4. 

3. RESULTS 

While the primary focus of this study is the results regarding the size distribution 
function, it is also of interest to analyze the structure of the agglomerates and the 
cluster growth rate. The structural information will be used in the next section for 
deriving an effective collision kernel for the agglomerates. Given the collision 
kernel, the size distribution can be determined as shown in the next section. The 
cluster growth rate is of interest in its own right but is also needed for obtaining 
the scaled size distribution function. 

3 . 1  Structure 

The structure of the agglomerates is quite open as indicated in Fig. 1 for a planar 
projection of the structure. It is also seen that there is a similarity between the 
actual structure of soot produced by an acetylene diffusion flame and the results of 
the computer simulation. As has been demonstrated in a number of studies of 
agglomerate growth including Meakin ( 8 , 9 )  and Mountain & (2), the degree of 
openness can be conveniently characterized in terms of a fractal dimensionality, D,, 
which in the case of an agglomerate is conveniently defined by the equation 

k a RgDf [41 

where R is the radius of gyration of the cluster. 
versus log k for the case f i r -0.05 and p-0.005. A linear least square fit of the data 
over the range 10-500 in k with a uniform weighting on a log  scale leads to 
D,-1.91+0.06. The choice of the lower bound is determined by onset of power law 
behavior and the upperbound by condition that agglomerate not extend from one edge of 
the cell to the other. A indicated in Table I, the mean values of Df are in the 
range 1.89 - 2.07. 
Meakin (10) for cluster in the size range 10-500 with p-0.005. 
Meakin consists of random linear trajectories by both particles and clusters. 
model was originally introduced by Sutherland and Goodarz-Nia (11). 
would correspond to the limiting case fir-0 for the free molecular simulation. 

In Fig.2, log R, is plotted 

This is to be compared with a value of Df-1.87f0.04 obtained by 
The model used by 

The 
This model 

3 . 2  Cluster Growth 

The average cluster size, E, is defined by 

k=N,/N(t) , [ 5 1  

where No is the number of primary particles and N(t) is the total number of clusters 
at time t. 
for all of the simulations. 

In Fig.3, k is plotted versus number of time steps, tN, on a log-log p l o t  
The mean cluster size increases asymptotically as 

ic a t* ( t-w) 161 

The exponent z is obtained from a linear least square fit of the log-log plot for the 

‘Certain commercial equipment is identified in this paper to specify 
adequately the calculation method. In no case does such identification imply 
recommendation or endorsement by the National Bureau of Standards, nor does it 
imply that the equipment identified is necessarily the best available for the 
purpose. 
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range in t over which 20<k<lOO. 
decrease in z with decrease in density. 

An alternative method for determining the exponent z is suggested by the aFalysis of 
van Dongen and Ernst ( 4 ) .  

A s  indicated in Table I. there seems to be a 

They obtain the following relationship between k and tN: 

ic a (t,+ti)z [71 

The value of ti is obtained as the value for which log(k) versus log(t,+ ti) has no 
curvature. 

In Fig. 4 ,  all of the data is reduced to a single curve by plotting k vs. r l ,  where 

The value of the exponent z obtained in this way is also given in Table I 

rl-(t/r)p . 181 

3 . 3  Cluster Size Distribution 

The cluster-size distribution, N k ,  is plotted in Fig. 5 at several times. As a test 
for the existence of a self-preserving cluster distribution, we also plot the size 
distribution in terms of the similarity variables, $ and '1. introduced by Friedlander 
( 1 2 )  % 

~ ~ - i c ~ ~ , l g ( ~ )  , 191 

pk/6 . [lo1 

It is seen from Fig. 6 that the similarity variables do reduce all of the cluster- 
size distributions to a single curve. 
size distribution is treated in the next section. 

Perhaps the size distribution function affording the best comparison with experiment 
is the number distribution in terms of the radius of gyration, R G .  

The possibility of deriving this universal 

~ / ~ R , - A D ~ R ~ ~  [I11 

Such a size distribution is plotted in Fig. 7. 
evaluate R, for every cluster by electron microscopy, one might rapidly determine an 
effective size of the agglomerate based on its length and width. 

While it may not be practical to 

4. Coagulation Equation 

The most widely used tool for studying irreversible clustering phenomena in many 
fields of science is Smoluchowski's coagulation equation: 

&-bc K(i,j)n,nj - %X K(k,j)nj , [I21 

where % is the number concentration of clusters of size k and K(i.j) ,the 
coagulation kernel, represents the rate coefficient for a speciEic clustering 
mechanism between clusters of sizes i and j. Below an estimate is made for the 
coagulation kernel for the case of free molecular growth and then Eq. [12] is solved 
analytically in the asymptotic limit as well as numerically. 
compared with the results of the computer simulation. 

Finally the results are 

4.1 Coagulation Kernel 

Far the case of small droplets that coalesce upon contact, the free molecular 
coagulation kernel is given by 

K(i,j)-a(i113 + j1'3)2(1/i+1/j)k 1131 
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The first factor in Eq.[13] corresponds to the size dependence of the collision cross 
section and the second term to the dependence of the average relative velocity on the 
reduced cluster mass. The quantity K(i,j) given above is essentially identical to 
the kinetic theory prediction of the volume swept out per second by colliding 
molecules. 

The collision cross section of two low density agglomerates ( fractal objects with 
Hausdorf dimension Df-1.9) in free flow (ballistic trajectories) is much larger than 
for compact spheres, mainly because of their large radii of gyration, 

R, a k1IDf. 

However, .there is a subtlety in the argument. 
cluster or cross-sectional area (see Fig. 1) is still a fractal object with Hausdorf 
dimension D,-.1.9. 
fractal clusters with Df42 and sizes i and j respectively is: 

Since Df<2, the planar projection of a 

Therefore, the effective scattering area for two free moving 

cross-section a (R,(i)+R,(j)Df 

1s (il/Df+jl/Df)Df 

If however the fractal dimension of the clusters would be 2SDfS3, then their 
projections would be compact objects and their collision cross-section would be: 

cross-section CI (R,(F)+R, ( j ) )2 

98 (il/Df+jl/Df)Z 

Note that the cross-section in both cases [15] and [16] is bounded by const.xj for 
j>>i. This is a physically obvious requirement. Equation [16] for Df<2 would 
violate this condition (See Mountain u ( 2 ) ) .  

The agglomerate speed is not affected by the particle structure based on the 
equipartition of energy so that the coagulation kernel for the agglomerate in the 
free molecular limit is given by 

K(i,j)-aI(i1IDf + jl’Df)Df(l/i + l/j)* , 1171 

Van Dongen and Ernst (4) have obtained asymptotic solutions to the coagulation 
equation, Eq.[14], for coagulation kernels classified on the basis of three exponents 
defined below: 

K(ai,aj) - aAK(i,j) - aAK(j,i) , [I81 1 

~191 4 K(i,j) = i’j” (j>>i; X - p + v ) .  

\ For K(i,j) given by Eq.1171, X - h, p - -k, and Y - 1. For X 5 1, van Dongen and 
Ernst (4) show that the exponent z is given by I 

ri 
z - 1/(1 - A ) .  [201 

j So for X - h, z - 2 .  
is given by van Dongen and Ernst (13). 

The general form of the reduced size distribution for large q 

$(rl) = Arl-’exp(-arl) , rl - m . [211 
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For coagulation kernels with v<l .  the 0 exponent is simply given by 8-1. However, 
for kernels with v-1, such as given in Eq.[17], the 8 exponent is more complicated. 
It has been calculated by van Dongen and Ernst (13). and we conclude from their 
Eqs.[12] through [15] that the exponent 8 is determined from the following 
transendental equation: 

J ( 8 )  - 0 ,  [221 

where J ( 8 )  is defined by 

J ( 8 )  - ~dx(K(x,l-x)[~(l-x)]-~-xJ’-~) - P dx x@-O . 1231 

Since the first integrand diverges at x-0, an asymptotic expansion is made for the 
integrand to obtain the small x contribution to the integral. For the remainder of 
the range in x, the integration is obtained numerically. For the case D,-1.90, we 
obtain 8-0.72. 

For large values of D, the asymptotic solution of Eq.[23] is (14) 

0 = 1/2 + 21-Df/r (D,>>l) 

This relation gives at D,-1.9 the fair estimate 8-0.67 and at D,-1 is even close to 
the exact value 8-1. 

The size distribution plots given in Fig. 6 suggest a power law region followed by an 
exponential region. 
depending on the range in q over which the line is drawn. A better method is to 
first obtain k from the large q asymptotic slope of ln$ vs q and, then obtain 0 
the slope of kq+ln$ vs lnq. 
yields a-0.67 and 8-0.53 compared to the predicted value of 0 of 0.72. There is 
still some ambiguity in the value of 8, because of the interplay between the value of 
a and 8. 
good fit to the simulation results, 

However, one finds a wide range in the value of 8, 0.4 to 0 . 8 ,  

from 
This approach applied to the case pr-0.05 and p-0.005 

That is, a lower value of a and a larger value of 8 will also lead to a 

In the limit of small cluster size and long time, van Dongen and Ernst (4) predict 
that 

~ 4 1  
2 + ( q )  a q -  exp(-l/q4) for q + o . 

Unlike this predicted exponential behavior, it appears that $ ( q )  decreases only 
slightly for small q .  
being carried out to long enough time. 

Another approach to comparing the results of the simulations with coagulation theory 
is to numerically solve for Nk vs k from Eq.[13] based on the kernel given by 
Eq.[17]. 
solved by the Runge Kutta method with fourth order predictor corrector. 
analogous to the technique used by Hidy 
equation. Starting from a monodisperse size distribution as in the simulations, it 
was found that the loss of mass due to particles reaching k-1024 represented a 4% 
effect when the total number concentration had dropped by a factor of 100. It is 
seen from Fig. 6 that the reduced size distribution obtained from the numerical 
solution of the coagulation equation is both self-preserving and agrees very well 
with the results of the computer simulation. 
characterizing the cluster growth rate is found to be in good agreement with the 
computer simulation results (1.84 for the coagulation equation vs 1.72 for the 
simulation). 

Presumably this discrepancy results from the simulations not 

One thousand twenty four coupled rate equations given by Eq.[13] were 
This is 

(15.16) for solving the coagulation 

The value of the exponent z 
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5 .  Discussion 

The computer simulations of free molecular agglomeration lead to much more rapid 
growth than is predicted for coalescing droplets in the free molecular limit, which 
has been the basis for predicting coagulation rates in flames in previous studies 
(5.6). 
about 1.2 based on coalescence. 

The results of the computer simulations in terms of the fractal structure and the 
size distribution function seem to vary only slightly with the choice of ,9 (0.2 and 
0.05) and p (0.05, 0.0167, 0,005). There appears to be a more pronounced affect of 
the density on the value of the exponent z with the higher density leading to a 
higher value of z. The value reported by Mountain a (2) for a system with 500 
primary particles was larger yet with a value of about 2.6 for z. 
simulation with the lowest density (p -0 .005 )  and lowest value of /I (0.0:) to give the 
most appropriate value for physical systems. For the limited range in k, Eq.[7] is 
the most accurate method for determining the exponent z, and this leads to 2-2.05 for 
the simulation. 

We do not observe as large a density effect in the free molecular limit as has been 
observed by Mountain et al. (2) in the continuum limit and by Ziff (17) for 
agglomerates with diffusion coefficient proportional to the cluster size raised to a 
power. 

We find that a coagulation kernel derived.based on the fractal structure of the 
agglomerate leads to an average growth rate and self-preserving size distribution in 
good agreement with the computer simulations. The computer simulations have not been 
run for long enough time to afford a comparison with the predicted small 9 behavior.. 

Ziff a (17) demonstrated that for a size dependent diffusion coefficient the 
kinetic rate kernel predicted by taking into account the fractal geometry of the 
agglomerate is in agreement with the computer simulation results. We have shown that 
in the free molecular limit that using a kinetic rate kernel based on fractal 
geometry leads to a size distribution in agreement with the computer simulation. One 
is encouraged to conjecture that the coagulation equation can be applied to 
agglomerates provided the agglomerate structure information is included in the 
kinetic rate. 

The agglomeration leads to an exponent z of about 2.0 compared to a value of 

We expect the 
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0.20 0.05 2.05f0.03 1.98f0.05 
0.05 0.05 2.07f0.08 2.40f0.16 4.06fO. 19 
0.05 0.0167 1.89f0.08 1.92f0.07 2.53f0.05 

0.005 I. 91f0.06 1.72f0.05 2.05M.03 0.05 

TABLE I. Exponents D, and z for Free Molecular Simulations 

< 
500 
900 

2000 

a The exponent z is defined by 
Here the exponent z is defined by 

k a (tN)*. 
k a (tr+t;)'. 

Soot (acetylene fuel) Agglome 

10 Spheres 

ntion Mode 

12 Spheres 

33 Spheres 33 Spheres 

107 Spheres 108 Spheres 

Fig. 1. Qualitative comparison of soot clusters and clusters obtained 
by computer simulation of free molecular growth. 
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Fig. 2. R versus k for 87-0.05 
anJ p-0.085. 
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10' 103 104 

TIME STEPS 

Fig. 3. k versus time steps 
for ,%=0.2, p - O . O 5 ( - ) ;  87-0.05, 
p-O.O5(----), p-0.0167(- -), 
p=0.005(-- . - - . ) .  

." 
lo-' 10-1 100 10' 

7 1  

Fig. 4.  k versus r l ,  for 87-0.2, p-O.O5( - ) ;  
8~=0.05, p - O . O 5 ( - - - - ) ,  p-0.0167(- -), 
p=0.005(-- . - - . ) ,  fractal coagulation 
(- -), coalescence(-) slope-1.2. 542 
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A SIMPLE MFX'HOD FOR PREDICTING SOOTING TENDENCIES OF 
HYDROCARBON FUELS IN PREMIXED FLAMES 

Stamoulis Stournas and Euripides Lois 

Chemical Engineering Department.Nationa1 Technical University 
42 Patission Street, 106 82 Athens, Greece 

ABSTRACT 

One of the accepted measures of sooting tendencies of 
hydrocarbon fuels in premixed flames is the threshold fuel/oxidizer 
ratio, %,which assumes combustion to C& and b o .  In this analysis 
it has been found that this sooting can be accurately predicted by 
using the group additivity approach based on the nature of the 
individual carbon atoms that exist in the fuel molecule. The only 
parameters needed for this prediction are the numbers of S P ~ ,  s p ,  
sp, aromatic and benzylic carbons along with the total number of 
hydrogen atoms in the molecule. 

This approach has been used for the calculation of the sooting 
tendencies of 73 fuels whose measured qk has been reported in the 
literature. Even though the structure of these fuels varied widely 
and included alkanes, olefins, alkynes and aromatics, the calculated 
values were always very close to the measured ones. In fact, in 88% 
of the cases the predicted values lie within 5% of the measured 
ones, whereas the deviation in the rest never exceeds 10%. 

INTRODUCTION 

The sooting tendencies of hydrocarbon fuels, either in premixed 
or diffusion flames, has been studied in the past by a number of 
investigators (1-12) . 

A number of parameters have been recognized as important aspects 
for the sooting tendency of a fuel, such as its molecular structure, 
fuel/oxygen ratio, flame temperature, etc. 

Most of the recent work refers to efforts made to quantify these 
parameters into a unified approach that will predict the soot 
threshold of each fuel. More recently, Olson and Pickens (1) 
investigated a number of probable expressions defining soot 
thresholds for premixed flames for a large number of hydrocarbons, 
including alkanes, alkenes, alkynes and aromatics. A few years 
earlier, Haynes and Wagner (5) discussed soot thresholds for 
premixed flames, in a comprehensive review of soot formation in 
terms of critical C/O ratios, (C/O),. 

Olson and Pickens assumed two modified equivalence ratios, one 
giving combustion products C& and G O  ( % I ,  and the other CO and 
tho ( + I ;  the former was linked eventually with the Threshold Soot 
Index (TSI) as defined by Calcote and Manos (6). 

In the present analysis, we have found that, by using the group 
additivity principle (13) the sooting tendency of hydrocarbon fuels 
can be predicted with good accuracy. Group additivity has been 
successfully used in the past to predict properties such as heat of 
formation, heat capacity, refractive index, etc.(14); more recently, 
it has been found useful in the prediction of ignition quality 
(cetane number) of diesel fuels.(l5) Our approach was to divide the 
carbon atoms that comprise the fuel molecules into groups according 
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to their chemical nature (sp3, s p ,  aromatic, etc.) and to assign a 
different weighting factor to each group. The only other 
information that is needed f o r  the prediction is the total number of 
hydrogen atoms in the molecule. 

ANALYTICAL APPROACH 

Soot threshold is defined by the appearance of the first visible 
yellow emission as the fuel to air ratio was increased (1,161. This 
critical fuel to air ratio (F,) ,  when compared to the stoichiometric 
fuel to air ratio (F) that is required by the combustion process, 
gives a measure of the sooting tendency of each particular fuel. 

If complete combustion to CO2 and &O is taken as the basis of 
comparison, then the required stoichiometry for any hydrocarbon fuel 
LM, is: 

LM, + 02 -+ ncO2 + $ ILO (1) 

F - 4  4n+m (moles fuel/moles oxygen) (2)  

In this case the stoichiometric fuel/air ratio is given by ' 

and the sooting tendency depends on qk, defined as 
4 

(pc=:,= (4  n+m) F, 
On the other hand, by assuming combustion to CO and &O, the 
stoichiometry is: 

LM, + 02 -+ nCO + 9 (4) 

F = km (moles fuel/moles oxygen) (5) 

with 

The sooting tendency criterion is now w ,  defined as: 
(6) 4 * F, - (2n+m)F, 

It is clear that qk and are related by the expression 

A third criterion, sc, may be employed as a measure of sooting 
tendency. if we assume incomplete combustion to elemental carbon and 
water : 

L L + ?  & - + ~ c + $ H ~ o  ( 8 )  

In this case. 

F = (moles fuel/moles oxygen) (9) 

and the sooting tendency criterion, se, is defined as: 
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This last expression permits the computation of the actual sc for 
all fuels whose cpc has been measured experimentally and whose gross 
structure (i.e. number of carbon and hydrogen atoms in the molecule) 
is known. 

It is recognized that combustion to carbon and water is a rather 
unrealistic process: as will be shown later, however, sc is a useful 
criterion for a unified approach to the prediction of sooting 
tendencies of hydrocarbon fuels and, by employing relations (7) and 
(11). it can lead to the better known quantities (PE and wc. 

The relative amounts of carbon and hydrogen in a fuel molecule 
(in the form of hydrogen content) has been used as a rather 
intuitive guide to the sooting tendency of hydrocarbon fuels in both 
premixed and laminar flames, albeit with rather limited success. 
If, however, the effect of each carbon atom in the fuel molecule is 
accorded a weighting factor according to its chemical nature, an 
almost quantitative prediction of sooting tendency can result. We 
have found that it is sufficient to divide the various types of 
carbon atoms into five categories: 

1. Saturated (sp3) carbon atoms (CI) 
2. Olefinic (sP) carbon atoms ((22) 
3. Acetylenic (SP) carbon atoms ((2s) 
4. Aromatic carbon atoms (L). 
5 .  Benzylic carbon atoms, 1.e. those directly coupled to an 

For the purpose of this definition,olefinic carbon atoms that belong 
to conjugated double bonds are counted as aromatic. 

Based on the above definitions.the sooting tendency of any 
hydrocarbon fuel can be accurately predicted in the form of sc by 
the relation: 

aromatic ring (Ce). 

(12) 3.5CI + 2.9cz + 1.9& + 3.1L + 5ce 
m S, 

where CI , CS, etc. are the numbers of each type of carbon atoms as 
defined above, and m is the total number of hydrogen atoms in the 
molecule. 

Alternatively, cp and q~ can be calculated for any fuel by 
changing the denominator in (12) with (4n+m) and (2n+m) 
respectively, where n is the total number of carbon atoms in the 
molecule. 

RESULTS AND DISCUSSION 

Relation (12) was applied to 73 hydrocarbon fuels whose sooting 
tendencies have been measured experimentally.(1,2,4,12) The 
calculated value of cp was within ?5% of the experimental value in 
64 of the cases, and even in the worst case (1,5-c~clooctadiene) the 
difference was less than 10%. The linear correlation coefficient (r) 
between calculated (PE and experimental cp for all the fuels was 
0.95; this value can be considered as suite acceptable, given the 
wide variation in the molecular structure of the fuels (26 
paraffins, 20 olefins, 7 alkynes, and 20 aromatics) and the inherent 
experimental uncertainties in measuring the critical fuel to air 
ratio. In several cases the values reported by different 
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investigators for the same fuel differ by more than 10%; the 
experimental values employed in this work were the averages of the 
reported values. The results of the calculations are depicted 
graphically in Figure 1. whereas Table I contains some examples that 
illustrate the calculation procedure. 

Similar results were obtained in the calculation of q~ for 
the same fuels, except that the linear correlation coefficient 
was somewhat better (r=O .971 . 

TABLE I 
EXAMPLES OF CALCULATED SOOTING TENDENCIES 

FORMULA & Cz Cn Ce 

Propane 
iso-Octane 
Decalin 
n-Tetradecane 
1-Heptene 
1-Pentyne 
Toluene 
Indene 
Prow lbenzene 
Tetra 1 in 

C= HE 
CeH,@l 
CioHie 

C7H14 
GHS 
c7 Ha 
&HE 
&HtZ 
CioHzz 

C14hO 

3 0 0 0 0  
8 0 0 0 0  
1 0 0 0 0 0  
1 4 0 0 0 0  
5 2 0 0 0  
3 0 2 0 0  
0 0 0 6 1  
0 0 0 8 1  
2 0 0 6 1  
2 0 0 6 2  

EXPER I MENTAL 
IPE SC 

0.524 1.309 
0.556 1.543 
0.613 1.977 
0.575 1.648 
0.552 1.657 
0.529 1.852 
0.658 2.961 
0.676 3.716 
0.633 2.532 
0.676 2.928 

CALCULATED 
cp- SC 

0.525 1.313 
0.560 1.556 
0.603 1.944 
0.570 1.633 
0.555 1.664 
0.518 1.813 
0.656 2.950 
0.677 3.725 
0.638 2.550 
0.685 2.967 

The best correlation with experimental measurements was 
obtained in the calculation of sc for the 73 fuels; in this case 
the linear correlation coefficient has an excellent value, being 
equal to 0.994. The results, as depicted in Figure 2, show 
ancillary advantages of the employment of sc as a sooting 
tendency criterion: 

a. The values of sc (approx. 0.9 to 3.81 cover a wider range 
than those of (approx. 0.4 to 0.7). thus making it easier to 
doscern the differences between various fuels. 

b. What is more important, sc tends to divide the sooting 
tendencies of the fuels into more rational and intuitively 
acceptable classes. Thus paraffins have sc values averaging 
around 1.5. olefins and alkynes average around 1.8, whereas the 
average for aromatics is close to 3. Such distinctions are 
difficult to make with cpc as the sooting tendency criterion. 

The above observations, which show a dependence of sooting 
tendency on molecular structure similar to that observed for 
diffusion flarnes,(31 has led us to attempt a correlation of sooting 
tendencies in diffusion flames with those in premixed flames. 
Figure 3 shows a plot of sc vs. the diffusion flame threshold soot 
index , TSI(3). for 65 fuels. The linear correlation coefficient has 
an acceptable value of 0.925, which rises to 0.96 if the four points 
that are circled in Figure 3 are omitted and the correlation employs 
61 fuels. When diffusion flame TSI is compared to IR., the 
correlation coefficient has a much less acceptable value of 0.76, 
whereas the correlation with gives results'that are only slightly 
better (r=0.86). 
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CONCLUSIONS 

1. BY employing appropriate weighting factors on the carbon 
atoms that comprise a fuel molecule, its premixed flame sooting 
tendency in the form of ~pc can be predicted with acceptable 
accuracy. The prediction is even better if the sooting tendency 
criterion is sc, which assumes incomplete combustion to elemental 
carbon and water. 

2. A linear correlation exists between sooting tendency in 
premixed flames as expressed by sc, and sooting tendency in 
diffusion flames as expressed by TSI. 
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Oxidation Kinetics of Carbon Blacks over 1300-1700 K* 

W. Felder, S. Madronich,' and D. E. Olson 

AeroChem Research Laboratories, Inc. 
P.O. Box 12, Princeton NJ 08542 

I. INTRODUCTION 

The oxidation of carbonaceous particulate matter is of wide practical con- 
cern in power generation and pollution reduction. Typically, in fuel-rich portions 
of combustion flames, OH radicals can be the major oxidizing species (1-3). How- 
ever, in regions of combustors and in the exhaust where soot is present and OH 
concentrations are essentially negligible (regions in which particles spend the 
major portion of their lifetimes within a device), oxidation by excess oxygen is 
important. The work described here utilized an entrained flow reactor (a modified 
High Temperature Fast Flow Reactor, HTFFR) to determine the reactivity of two car- 
bon blacks with O2 in the 1300-1700 K range. A wide range of oxygen concentration 
was investigated while maintaining independent control of total pressure and flow 
velocity (particle residence time). 
feeding particles to the HTFFR'and assuring that particle sizes lie below specified 
limits. 

A method and apparatus were developed for 

11. HETHODS AND APPARATUS 

The primary measurement is the number of moles of carbon converted to CON 
(= CO + COP) in a residence time, t. Collected gas samples were analyzed gas 
chromatographically to determine the amount of CON evolved after the particle and 
oxidizer mixture had traversed the flow tube reactor at a temperature. TI in a 
time, t. For surface oxidation of monodisperse spherical particles, evolving COX 
at the expense of particle size (4):  

where: u(t) = (mo - m. )/mo, is the burnoff at time t; no and mt are 
the mass of carbon input (91s) a@ the mass of carbon remaining 
unoxidized at time t, respectively 

R e  = the external surface oxidation reactivity coefficient, g Em* s-l, 
a function of CO21 

So = specific surface area of unoxidized carbon particles, cmZ/g 

Equation 1 assumes that the oxidation is chemically controlled (i.e.. dif- 
fusion is rapid compared to reaction), and that the surface reactivity is a func- 
tion only of available area. In this work, it was shown that the assumptions of 
surface reaction and chemical control are valid. The possible change in surface 
reactivity with oxidation was not addressed; thus the R e  values are referred to the 
original surface area. 

To determine u(t), it is necessary to measure CC0,I for the experimental 
condition and CCO.(max)I, the amount of COX produced by complete particle oxida- 
tion. The CCO.(rnax)l gives mo in the expression for u(t) and is obtained by 
replacing the N. diluent flow to the HTFFR with an equivalent Op flow, thus com- 

* This work supported by the U.S. Army Research Office, Contract No. DAAG29-83-C- 
0023. 
t Present address: National Center for Atmospheric Research, Boulder, CO. 
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p l e t e l y  c o n v e r t i n g  i n p u t  c a r b o n  t o  COX. Measurement of CC0.1 at o t h e r  t h a n  com- 
p l e t e  o x i d a t i o n  c o n d i t i o n s  ( r e p l a c i n g  p a r t  of t h e  N, flow w i t h  0,)  g i v e s  (mo-m. ). 

Frequent  CCO.(max)I d e t e r m i n a t i o n s  were i n t e r s p e r s e d  w i t h  t h e  CC0.1 measurements. 

The HTFFR d e s c r i b e d  by F o n t i j n  and F e l d e r  ( 5 )  was modif ied  fo r  t h i s  work. 
O p t i c a l  o b s e r v a t i o n  p o r t s  i n  t h e  r e a c t i o n  t u b e  were e l i m i n a t e d ,  a l l o w i n g  t h e  iso- 
t h e r m a l  zone  of  t h e  reactor t o  i n c l u d e  between 50 and 70 c m  of t h e  o v e r a l l  90 cm 
l e n g t h  of t h e  t u b e ,  depending  o n  t h e  f low c o n d i t i o n s  used i n  t h e  exper iments .  The 
r e a c t i o n  t u b e s  ( t w o  d i f f e r e n t  d i a m e t e r  t u b e s  were used  i n  t h e  p r e s e n t  work, a 4 . 5  
c m  i .d.  m u l l i t e  t u b e ,  and a 2.5 c m  i.d. 998 a lumina  t u b e )  were r e s i s t i v e l y  h e a t e d  
i n  t h r e e  s e p a r a t e l y  c o n t r o l l e d  z o n e s  of a 30 cm e a c h  w i t h  0.127 c m  diam P t / 4 0 %  Rh 
r e s i s t a n c e  wire. At t h e  r e a c t i o n  t u b e  e x i t  a HeNe laser beam c r o s s e d  t h e  p a r t i c l e -  
l a d e n  f low;  s c a t t e r e d  laser l i g h t  w a s  d e t e c t e d  p e r p e n d i c u l a r  t o  t h e  beam. A 10 cm 
diam f i i ter  s u p p o r t  and  f i l t e r  were mounted i n  a downstream bypass  l i n e  so t h a t  t h e  
e n t i r e  f l o w  c o u l d  be r o u t e d  through i t  t o  collect p a r t i a l l y  o x i d i z e d  p a r t i c l e s  for 
subsequent  s u r f a c e  area measurements.  

Particle f e e d  was from a 10 c m  i . d . ,  40 c m  l o n g  tumbl ing  bed suppor ted  a 
300 from h o r i z o n t a l  on two b e a r i n g s .  The p a r t i c l e  bed c h a r g e  c o n s i s t s  o f  90% ( w t . )  
s i l i ca  sand  and 10% c a r b o n  b l a c k .  A small N2 f l o w  through t h e  bed formed a c a r b o n  
b lack  aerosol, some of which e n t e r e d  a p a r t i c l e  t a k d o f f  t u b e  and flowed t o  a "set- 
t l i n g  chamber." Feed rates at t h e  bed o u t l e t  o f  1-100 mg/min (10-6 t o  1 0 - 4  moles 
U s )  were achieved .  I n  t h e  15 c m  i .d. ,  75 c m  l o n g  s e t t l i n g  chamber t h e  flow was 
smoothed w i t h  a c o n i c a l l y  shaped f low s t r a i g h t e n e r  and slowed t o  a 0 .5 cm/s so t h a t  
p a r t i c l e  a g g r e g a t e s  w i t h  aerodynamic d i a m e t e r s  2 4 pm s e t t l e d  o u t  of t h e  flow. I n  
some e x p e r i m e n t s ,  s e t t l i n g  chamber flow s p e e d s  u p  t o  2 c m / s  were u s e d ;  under  t h e s e  
c o n d i t i o n s ,  p a r t i c l e  a g g r e g a t e s  up t o  i 10 pm c o u l d  have  passed  t h r o u g h  t h e  set- 
t l i n g  chamber. T h i s  r a n g e  of p a r t i c l e  sizes is below t h e  s i z e  at which bulk  d i f -  
f u s i o n  a f f e c t s  t h e  o x i d a t i o n  rate measurements.  

The f low from t h e  s e t t l i n g  chamber e n t e r e d  t h e  HTFFR r e a c t i o n  t u b e ,  where 
t h e  major p o r t i o n  o f  t h e  N, d i l u e n t  and 0. were added r a d i a l l y  t o  t h e  flow. The 
mass flow o f  c a r b o n  to  t h e  reactor i n d i c a t e d  by CCO.(max)I measurements was 0.05- 
5.0 mg/ min ( 1 0 - 7  t o  1 0 - 5  m o l  Us),  or about  5% of t h e  o u t p u t  o f  t h e  p a r t i c l e  
f e e d e r .  The r e m a i n i n g  c a r b o n  b lack  p a r t i c l e s  were c o l l e c t e d  i n  t h e  s e t t l i n g  cham- 
b e r .  The f l o w  of  0. i n  t h e  e x p e r i m e n t s  ranged  from 5 X 1 0 - 5  t o  5 Y 10-1 mol/s  and 
a l w a y s  exceeded  t h e  malar "carbon"  f low by a f a c t o r  of at least 20; f o r  measure- 
ments of CCO.(rnax)l, t h e  oxygen f low was 103 t o  lo4 times i n  e x c e s s  of t h e  " c a r b o n  
flow." 

Laser s c a t t e r i n g  was also used  t o  o b t a i n  k i n e t i c  d a t a  by measur ing  t h e  
c o n c e n t r a t i o n  o f  0. r e q u i r e d  t o  con5ume a l l  of t h e  i n p u t  c a r b o n  i n  e x a c t l y  t h e  
r e s i d e n c e  t i m e .  The 0, f l o w  t o  t h e  r e a c t o r  was p r o g r e s s i v e l y  incremented  w h i l e  
r e c o r d i n g  t h e  s c a t t e r e d  l i g h t  i n t e n s i t y ;  a p l o t  w a s  made of r e l a t i v e  ( to  C0,I = 0 )  
s c a t t e r e d  l i g h t  i n t e n s i t y  a g a i n s t  l o g  C0.3. The i n t e n s i t y  d e c r e a s e d  l i n e a r l y  on 
s u c h  p l o t s  as t h e  p a r t i c l e s  were consumed; t h e  c u r v e  went t o  zero at t h e  v a l u e  o f  
C023 at which t h e  i n p u t  c a r b o n  was consumed i n  t h e  burnup time, t.. The burnup 
t i m e  15 Simply r e l a t e d  to  R e .  The R e  v a l u e s  o b t a i n e d  u s i n g  t h e  s c a t t e r e d  l i g h t  
method were i d e n t i c a l  w i t h  t h o s e  o b t a i n e d  u s i n g  t h e  g c  method. 

P a r t i a l l y  o n i d i z e d  p a r t i c l e s  were c o l l e c t e d  o n  t h e  i n l i n e  f i l t e r  for  sur- 
face area measurements  which y i e l d  i n f o r m a t i o n  o n  t h e  p h y s i c a l  mechanism o f  t h e  
o x i d a t i o n  p r o c e s s .  An a d s o r p t i o n  a n a l y z e r  (Quantachrome MS-8) wa5 used  for N. 
a d s o r p t i o n  at  77 K ,  and t h e  r e s u l t s  were a n a l y z e d  u s i n g  t h e  one p o i n t  BET method 
( 7 ) .  S p e c i f i c  s u r f a c e  area r a t i o s  were measured as a f u n c t i o r :  of fractional burn- 
off. u, from u = 0 ( p a r t i c l e s  t h a t  h a v e  t r a v e r s e d  t h e  reactor w i t h  C0.3 = 0 )  t o  u = 
0.7. 
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The carbon blacks, Raven 16 (R161,  a lampblack, and Conducteu SC (CSC), a 
conducting black, were chosen t o  have a wide di f ference i n  i n i t i a l  spec i f i c  surface 
area and i r o n  impuri ty concentration. Both have "high" su l fu r  concentrations. The 
mater ia ls  were donated by Columbian Chemical Corporation, Tulsa, OK. and t h e i r  
p roper t ies  are summarized in  Table I. 

111. RESULTS AND DISCUSSION 

1. SDecific Surface Area Measurements 

The in te rac t i on  between 0, and the carbon black p a r t i c l e s  can occur between 
two extreme modes (4,7,8): (1) reac t i on  on an ex terna l  non-porous surface; (2) 
reac t i on  w i t h i n  a completely porous mass. I n  the  f i r s t  extreme, a p a r t i c l e  of  
constant density, p,  i s  oxidized and i t s  rad ius  decreases w i t h  burnoff .  I n  the  
second extreme, a porous p a r t i c l e  o f  constant rad ius  i s  oxidized i n t e r n a l l y  and i t s  
densi ty decreases w i t h  burnoff .  The r a t i o  o f  spec i f i c  surface areas o f  the  unoxi-  
dized and p a r t i a l l y  oxidized pa r t i c l es ,  So/S(t), are given by (9): 

So/S(t) = (l-u)0-33 (constant densi ty)  
S0/S(t) = ( I -u )  ( const ant radius) 

Representative data f o r  the two carbon blacks are compared w i t h  these func t ions  i n  
Fig.  1; the  resu l t s  ind ica te  tha t  the  ex terna l  surface area ava i lab le  f o r  reac t i on  
increases i n  a manner consistent w i t h  a constant densi ty (case 1 above) burning. 
The present measurements can thus be in te rpre ted  as the  ox ida t ion  of non-porous 
spher ical  p a r t i c l e s  (assumed monodisperse) which reac t  a t  constant densi ty and w i t h  
no change in  p a r t i c l e  number density. 

2. Oxidation Rates 

Oxidation r a t e s  were measured over 1300-1700 K fo r  R i 6  and 1400-1700 K Far- 
CSC, more than three decades of oxygen p a r t i a l  pressure (0.02-60 kPa) and t o t a l  
pressures (0,  + N.) from 20 t o  60 kPa. Pa r t i c l e  residence times were var ied  from 
50-800 1s. The ma jo r i t y  o f  t he  data were obtained using the  gc method; add i t iona l  
data were obtained using the  laser  sca t te r ing  method. Representative burnoff  data 
from the  gc measurements, p lo t ted  against C0.3 are shown i n  Fig. 2. Figure 3 shows 
data obtained using the  laser  sca t te r ing  diagnost ic as discussed above from one 
experiment on CSC a t  1580 K and a t o t a l  pressure of 27 kPa. 

There were no d iscern ib le  t o t a l  pressure e f fec t  on the measured CC0,I 
y ie lds  over the approximately fac to r  o f  two-to-three va r ia t i on  in  t o t a l  pressure 
covered a t  each temperature invest igated, and no gas ve loc i t y  e f f e c t s  over a fac to r  
of s i x  a t  any temperature, nor  d i d  changing the  reac t i on  tube diameter from 2.5 t o  
4.5 cm have any ef fect .  The measured burnoff depended on ly  on reac tor  temperature, 
COP3 and residence time. 

The gc data were analyzed t o  ex t rac t  R e  by rearranging Eq. 1: 

R e  = (3/Sot) . ( l  - (1 - u)0.33) 

Representative r e s u l t s  are p lo t ted  i n  i n  Figs. 4 and 5. For the  l ase r  sca t te r ing  
measurements, u = 1 when the  scattered i n tens i t y  i s  zero and 

where t a  i s  the residence t ime fo r  complete burnoff a t  the C0,l determined f rom 
p l o t s  such as Fig. 3. Values of R e  so determined are included in  Figs. 4 and 5. 
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These observed surface r e a c t i v i t i e s  are chemically con t ro l l ed  as can be 
seen by comparing the ca lcu lated d i f f u s i o n  l i m i t e d  and observed r e a c t i v i t i e s .  
d i f f u s i o n  con t ro l l ed  reac t i on  on a spherical p a r t i c l e  of radius, r ( 4 ) :  

For 

Rc,o  = (\y O / r ) * ( C o  - C,) 2 )  

where Re.. = d i f f u s i o n  con t ro l l ed  r e a c t i v i t y  based on external  surface area, g 
cm-2 5 -1  

yl = (H. /Mov) where v i s  the molar s to ich iometr ic  coe f f i c i en t  for  the 
gas and H c f H o  i s  t h e  molecular weight r a t i o  of carbon t o  the reactant 
gas. For the present studies, C + 1/2 O2 + CO, and v = 1/2, with y = 
(12/32)'2 = 314 

D = Binary d i f f u s i o n  coe f f i c i en t  of the oxidant gas, cms 5-1. 

C = mass densi ty  o f  the gas at the p a r t i c l e  surface, C,, and i n  the 
f ree  stream, CO, g cm-3. 

Thus, d i f f u s i o n  con t ro l  (small  values o f  R r , o )  i s  favored by h igh pressure 
(low d i f f u s i o n  ra tes ) ,  large p a r t i c l e  size, and high temperature (high surface 
react ion rates) .  For pure d i f f us ion  contro l ,  i.e., when the surface reac t i on  r a t e  
i s  i n f i n i t e l y  rap id,  C. + 0. Figure 6 shows the range o f  Re.. calcu lated from Eq. 
2) w i t h  C. = 0 a t  the temperature and pressure entrenes used i n  the present work 
(60 kPa and 1700 K )  compared t o  the experimental ly measured values. For the nomi -  
n a l  p a r t i c l e  diameters o f  the carbon blacks, = 10-100 nm, d i f f us ion  con t ro l l ed  
rates are large and the reac t i on  ra te  i s  con t ro l l ed  by surface chemistry processes. 
Figure 6 shows t h a t  even if aggregates as large as 100 pm .were present i n  the reac- 
t o r  (and the s e t t l i n g  chamber ensures tha t  they were not ) ,  bulk d i f f u s i o n  rates 
would s t i l l  be 110 t imes la rge r  than the observed reac t i on  ra tes  under the  present 
experimental condit ions. O n  t h i s  basis, mass t ransfer  t o  the carbon black par- 
t i c l e s  does not s i g n i f i c a n t l y  a f fec t  the observed measurements. 

I n  the absence o f  d i f f u s i o n  e f fec ts ,  the slopes of p l o t s  l i k e  Figs. 4 and 5 
give t h e  apparent reac t i on  order i n  t o 2 ] .  The reac t i on  orders, n, l i e  between 0.6 
and 0.8. Table I1  contains a summary l i s t i n g  o f  the values of R, for the present 
experiments i n  the  form log  R c  = log Ro + n log  Coal. Ro i s  a f i t t i n g  constant 
wi th  u n i t s  of g cm-2 5-1 C O a l - n .  

3. Discussion 

Figures 2, 4, and 5 show comparisons of the observed u and R, wi th  the 
predic t ions of t he  Nagle and Strickland-Constable, NSC, formulation (10) which has 
been successful i n  descr ib ing the r e a c t i v i t y  o f  several carbonaceous mater ia ls  w i t h  
Oo, especia l ly  a t  h igher  temperatures than those used here (10, l l ) .  From the p l o t s  
i t  i s  c lea r  that  the present r e s u l t s  are not w e l l  described by two s i t e  NSC kine- 
t i c s  (c f .  Blyholder, e t  a l .  (12)). I n  pa r t i cu la r ,  the present r e s u l t s  show no in- 
d i ca t i on  of the change i n  reac t i on  order i n  Cos3 suggested by the two s i t e  theory 
(12). 

I n  Fig.7, the R e  values are compared w i t h  previous studies of  soot and 
carbon black onidat ion a t  L0*3 = 3.5 x 1017 cm-3. The data are those o f  NSC (lo), 
Park and Appelton (ll), PA, on carbon black onidat ion i n  a shock tube ( the  PA and 
NSC r e s u l t s  are i den t i ca l ) ,  and of Lee, Thring, and Beer (13), LTB, on soot oxid- 
a t i on  i n  an 02-r ich flame. 
s i g n i f i c a n t l y  slower than tha t  of previously studied carbon blacks and soot. An 
"ac t i va t i on  energy" of 1 170 k J  i s  consistent w i t h  a l l  o f  the measurements. A t  
lower Cool ( a  2 n loa4), the present r e s u l t s  are compared wi th  those o f  Rosner and 

A t  t h i s  Cop3 and higher, R 1 6  and CSC ox idat ion are 
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Allendorf (14), (RA), and NSC in Fig. 8. At this low COI1, RA's measurements on 
isotropic and pyrolytic graphite bracket those predicted by NSC and those measured 
in the present work. The "turnover" in the reactivity coefficient values predicted 
by NSC and observed by RA may be present for R16, but it is not suggested by the 
CSC data. 

Figures 9 and 10 display the probability of reaction, L, per Or-surface 

The data of  RA on pyrolytic 
collision calculated using kinetic theory to determine the number of collisions/s 
per unit surface area and the measured R e  values. 
graphite over a range of low C0.3 at lJ00 K are shown for comparison in Fig. 9. 
In Fig. 10, Z for R 1 6  and CSC is shown for most of the wide range of C0.3 covered 
in this w r k  at the extremes of the temperature ranges investigated. The low reac- 
tivity of these carbon blacks translates into collision efficiencies as low as = 1 
x 10-6 at C0.3 = 1 x lOle cm-3 and as high as f 4 x 10-3 at C0.3 = 1 x 1015 '313-3. 
These values are comparable to those for graphitic carbons. 

Thus, the present results indicate l o w  reactivity for R 1 6  and CSC for Cop1 
values of practical interest. The complex COpl-dependence of R e  required by NSC 
kinetics is not observed over the temperature range studied, despite extremely wide 
variations in COp3. The data show no significant differences which can be attribu- 
ted to metallic content. We speculate that the high sulfur content in these carbon 
blacks may be the cause of their low reactivity and the failure of the two site 
model to describe their oxidation kinetics. The sulfur content (mole fraction f 40 
ppm) may be sufficient to poison potential metallic catalytic sites (on a molar 
basis, sulfur is * 20 times more abundant than metals in R16 and 10 times more in 
CSC) as well as to interfere with active sites in both carbon blacks. If correct, 
this speculation suggests that it is important to avoid sulfur contamination where 
carbonaceous burnout at "low" temperature is desired. 
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TABLE I. PHYSICAL AND CHEMICAL PROPERTIES OF CARBON BLACKS. 

Mean BET (Nn) Met a1 
Trade P a r t i c l e  Surface V o l a t i l e 8  Content Ash S u l f u r  
Name Diam.(nm) Area(m2a-1) (ut 1 )  (ut X ) <  

Raven 16 61 25 (29b) 0.9 0 . 1 c  0.098 1.67 
Conductex SC 20 220 (19Ob)  1.5 0.08= 0.075 0.85 

Data supplied by manufacturer. . Measured in  t h i s  work. 
M e t a l l i c  impur i t ies,  wt .X :  

C Hn, Mg, Al, T i  
Fe 
Na 
Ca 

& -  csc 
0.007 0.008 
0.045 0.005 
0.021 0.047 
0.025 0.016 

TABLE 11. EXTERNAL SURFACE REACTIVITY FOR CARBON BLACK OXIDATION BY O p  

loglo Re = loglo RD + n l o g l o  C0.3 

Carbon Black T ( K )  

Raven 16 1300 
1400 
1470 
1580 
1680 

Conductex SC 1410 
1580 
1650 . One standard d e v i a t i o n  

log to  Ra 
(g  cm-Q 5 - 1  

C 0 4 3 - " )  n 

-16.3 f 0 . F  0.62 f 0.04. 
-16.5 f 2.0 0.64 f 0.12 
-16.1 f 1.3 0.66 t 0.10 
-14.9 f 1.7 0.59 2 0.10 
-15.1 f 1.0 0.61 f 0.07 

-18.6 t 0.5 0.76 f 0.13 
-18.8 f 1.1 0.82 f 0.17 
-14.2 f 1.4 0.57 f 0.09 

t0.3 range 
(1016 c m - 3 )  

0.02 - 158 
2.0 - 104 
0.02 - 98 
0.12 - 171 
0.03 - 154 
0.03 - 200 
0.02 - 130 
0.02 - 75 

I 
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FIGURE 2 BURNOFF OF CSC AT 1650 K 
Residence times: 0 - 50 ms: o - 100 ms; 
A - 300 ms. Solid lines are NSC (10) 

predictions. 

FIGURE 3 LASER SCATTERING MEASUREMENT 
OF CSC OXIDATION AT 1650 K 

[Or] = 2.8 n IO15  (arrow), t. = 380 ms 
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FIGURE 4 R 1 6  OXIDATION BY O p  
0 - gc data: a - scattering data; 
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FIGURE 5 CSC OXIDATION BY 0, 
o - gc data: o - scattering datal 
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FIGURE 6 COMPARISON OF DIFFUSION-LIMITED 
REACTIVITY WITH OBSERVED VALUES AT 1700K 
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FIGURES 9 and 10 DEPENDENCE OF REACTION 
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